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SUMMARY 
 
The Rif Cordillera, situated in northern Morocco, together with the Betic Range 
forms one of the tightest orogenic arcs on Earth, the Gibraltar Arc System. This arched 
orogenic belt was created by the convergence between the Euarsia and Africa plates. 
The complexity of this area led to several tectonics models (e.g. Platt and Vissers, 1989; 
Seber et al., 1996; Lonergan and White, 1997; Zeck, 1997). In this thesis I present a 
geophysical study that aims to characterize the crustal structure in the northern part of 
Morocco, especially beneath the Rif Cordillera. 
The geophysical data used in this thesis was acquired during RIFSIS (2011) 
survey within the framework of the RIFSIS project, which was designated to overcome 
the lack of results on crustal structure in the northern part of Morocco. The RIFSIS 
project is mainly based on the acquisition of new wide-angle seismic profiles and on the 
integration of these data with the various seismic data sets currently available, such as 
the PICASSO (Platt et al., 2008) and Topo-Iberia (Díaz et al., 2009) projects.  
The present work is based on the processing, modeling and interpretation of 
Wide-Angle seismic (WA) and Receiver Functions (RFs) data projects, and has been  
focused on the crust below Morocco. The WA data was acquired during the RIFSIS 
survey in the Rif Cordillera from two longest profiles; the north-south profile (~430 km) 
and the east-west profile (~330 km). Both profiles extend across the Rif orogen, from 
the Middle Atlas to the Betic Range, and from the Gharb basin to the Algerian border, 
respectively. The RFs data was acquired from the temporary deployment of 
seismological broadband stations from PICASSO and Topo-Iberia projects. These 
stations were deployed along all the north Morocco territory. I also have worked with 
Pn tomography of the uppermost mantle seismic velocity and anisotropy in the Euro-
Mediterranean region. 
The study of seismic velocity and anisotropy variations in the uppermost mantle 
beneath the Euro-Mediterranean region was compiled from inversion of Pn and Sn 
phases. The Method of Hearn has been applied to the travel-time arrivals of the 
International Seismological Center catalogue. A total of 579753 Pn arrivals coming 
from 12377 events recorded at 1408 stations with epicentral distances between 200 km 
and 1400 km have been retained after applying standard quality criteria. The results 
show significant features well correlated with surface geology and evidence the 
heterogeneous character of the Euro-Mediterranean lithosphere. The station terms 
reflect the existence of marked variations in crustal thickness, consistent with available 
Moho depths inferred from active seismic experiments. The introduction of an 
anisotropic term enhances significantly the lateral discontinuity of the anomalies, in 
particular in the most active tectonic areas. Pn anisotropy shows consistent orientations 
subparallel to major orogenic structures, such as the Betic Range.  
ii 
 
The processing of RIFSIS seismic data provides the tectonic crustal structure 
model of the Rif Cordillera, whereas the modeling of WA data from travel-time forward 
modelling provides 2-D seismic velocity distribution of the crust and uppermost mantle. 
Furthermore, from the results that these projects provide, it becomes possible to infer 
the geometry of the crust-mantle boundary, also presented in this thesis. These velocity-
depth models hold major variations in the crustal thickness, especially the EW profile 
that shows a rapid change of 15-20 km in Moho depths within 30 km horizontal 
distances. Maximum depths around 50 km are found below the external Rif domain, 
while thinnest values of about 29 km are located eastwards, in the foreland and Atlasic 
terrances up to the Algerian border. The model along NS profile displays also marked 
differences in crustal thickness, ranging from 40 km beneath the Betics and internal Rif 
sampled domains, to 47-48 km beneath external Rif, and a progressive thinning 
southwards till Middle Atlas domain where the Moho is found at 32 km depth. The WA 
models are then converted to density models using the classical relation Vp-ρ, in order 
to verify them with the Bouguer gravity anomaly data.  
We processed the WA data as low-fold WA seismic images. The deployment 
logistics during the RIFSIS project enabled all the stations to record all shots, not 
limited to the shots aligned with the two profiles. From these profiles we can obtain a 
deep crustal image in-between the profiles and the shots. We have also estimated the 
Moho geometry from the PmP phases identified in the onshore-offshore record sections 
of the offshore GASSIS-WestMed experiment. The GASSIS-WestMed experiment and 
the RIFSIS project were conducted in parallel. Those times can be tentatively related to 
crustal thickness assuming a homogeneous crustal velocity. Although some 
uncertainties may be inherent to those approaches, a large crustal root, reaching more 
than 50 km, is well-documented in the central part of the Rif Cordillera. At the same 
time, I performed a RFs study in the Rif domain area, in order to determine the crustal 
thickness beneath the northern Morocco. This has resulted in an independent estimation 
of the crustal depth which can be compared to the models derived from WA data.  
In summary, the results obtained from the different methodologies used in this 
thesis reveal us a crustal root well-documented in the central part of the Rif Cordillera, 
which is supported by the area large negative Bouguer anomaly values. I interpreted the 
Rif Cordillera crustal structure as resulting from a complex interaction of the Miocene 
to present continent-continent collision between Iberian and Africa plates, coupled with 
rollback of the Neo-Thethys Alboran slab. This hypothesis is highly aligned with the 
final 3-D numerical modelling of the western Mediterranean region presented by 
Chertova et al. (2014). 
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Chapter 1: General Introduction 
 
 
The Earth has a cool and therefore mechanically strong outermost shell called the 
lithosphere (from the Greek lithos for “rock” and spharia for “sphere”). It comprises the 
crust, which includes the rocks exposed at the surface of the Earth, and the uppermost 
mantle. The limit between crust and mantle, the Mohorovicic discontinuity, is related to 
strong changes in chemical composition and seismic properties; the crust is mainly 
formed by maphic rocks and has typical mean P-wave velocity around 6.2 km/s, while 
the uppermost mantle is dominated by peridotites and the P-wave velocity is close to 8.0 
km/s. Continental lithosphere thickness ranges between 40 to 280 km, even if typical 
values are around 100-150 km, while beneath the oceans the lithosphere is thinner, 
reaching maximum depths of 140 km. Knowledge of the structure, composition, and 
secular evolution of the lithosphere is primordial for understanding the geological 
evolution of the Earth since its formation. 
 
 
Figure 1.1: Sketch depicting the structure of the uppermost layers of the Earth (Tarbuck et al., 2013) 
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The lithosphere must be studied by indirect methods based on geophysical 
properties which allow the study of physical properties across large sections of in situ 
lithosphere. The physical properties determined by geophysical field experiments can be 
then compared to laboratory measurements to place constraints on the composition of 
the lithosphere. Among such geophysical methods, seismic exploration is widely 
recognized as one of the most powerful tools to explore the interior of the Earth.  
 
At the westernmost Mediterranean region the complex interactions between two 
continental masses, the Eurasian and African plates, has produced a broad arcuate 
collision zone, the Gibraltar Arc System, which comprises the Betic and Rif mountain 
ranges separated by the Alboran Sea basin.  
 
 
Figure 1.2: Geographic location map of the study area (image from visibleearth.nasa.gov/) 
 
A wide variety of tectonic models have been proposed, based mostly on the surface 
geology (see Platt et al., 2013 for a review), whereas only recently has detailed 
Part I: Outlook. Objective and methods  Chapter 1: General introduction 
 
5 
 
information been available of the deep structure of much of this region, particularly on 
the Rif Cordillera in North Morocco. In the last decade a major effort has been done to 
get new data on this area (Figure 1.3), with large scale initiatives as Topo-Iberia (Díaz 
et al., 2009) and PICASSO (Program to Investigate Convective Alboran Sea System 
Overturn; Platt et al., 2008). However, one of the missing knowledge which needs to be 
fulfilled is the seismic crustal structure of Morocco, including the topography of the 
crust-mantle boundary as very few data are available so far. This is the main objective 
of projects based in seismic exploration carried out during the last 5 years, as RIFSIS 
(Seismic Investigations across the Rif; Gallart et al, 2012), SIMA (Seismic Imaging of 
the Moroccan Atlas; Ayarza et al., 2014), or GASSIS-WestMed (Gràcia et al., 2012).  
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Figure 1.3: Map of Iberian Peninsula and North Africa, where are represented the coverage of the 
PICASSO (in red), Topo-Iberia (in blue), RIFSIS (in black), SIMA (in cyan) and the GASSIS-WestMed 
(in dashed lines and magenta dots) projects. 
 
The main goal of this thesis is to investigate the lithosphere beneath this region 
using different seismic techniques based on the analysis of natural seismicity and 
controlled-source profiles. 
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The first method used in this work to investigate the uppermost mantle properties is 
based on the analysis of the time propagation anomalies of Pn and Sn phases at regional 
scale. These seismic waves travel closely beneath the Moho and thus provide a detailed 
image of the seismic properties of this depth zone. This tomographic approach, based on 
time arrivals catalogues, is not restricted to the Gibraltar Arc but comprises the whole 
Euro-Mediterranean region to provide a large scale view of the region. 
 
This thesis is largely based on the interpretation of the data resulting from the 
RIFSIS project, which intends to overcome the lack of results on the crustal structure 
beneath Northern Morocco and in particular beneath the Rif Cordillera from the 
interpretation of two wide-angle seismic reflection profiles, 330 km-long and 430 km-
long, EW and NS oriented, respectively. The modelling of the wide-angle seismic 
profiles is expected to provide a model of the velocity-depth structure of the crust, 
including the topography of the main discontinuities, as the basement or the Moho. To 
obtain those P-wave velocity-depth models we will use the classical forward modeling 
of Zelt and Smith (1992) based on ray path theory. In this approach, a synthetic model 
is generated using the available previous information and the corresponding travel-times 
and amplitudes are compared to the observations. The analysis of the misfits leads to the 
modification of the theoretical model and to a new iteration in the process, till reaching 
a satisfactory adjustment of all the data set. I have also tried to use an inversion 
approach (in which the observations are inverted to obtain a theoretical model), but this 
has been unsuccessful, probably due to the moderate density of our data coverage and 
the complexity of the velocity-depth structure.  
 
In order to assess the consistency of the resulting models, they have been converted 
to gravity using classical relationships (Christensen and Mooney, 1995; Brocher, 2005) 
between seismic velocity and density and then compared successfully to the available 
gravity observations.  
 
The deployment logistics during the RIFSIS project allowed that all the stations 
recorded not only the shots aligned with each profile, but also the rest of them. This 
allows also a data processing to obtain a wide-angle, low-fold seismic stack following 
the method described in Carbonell et al. (2002). A hyperbolic time reduction is applied 
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to the data, resulting in stacks in which the reflections from the Moho are expected to 
appear as subhorizontal energy. This provides insight on the Moho depth variations 
offline of the main seismic profiles. A second, complementary approach arises from the 
identification and reading of the arrival times corresponding to PmP phases in the 
offline record section of the RIFSIS shots. Those times can be tentatively related to 
crustal thickness assuming an homogeneous crustal velocity. Even if those assumptions 
imply that large errors can arise in case of heterogeneities, we will show that the method 
can provide significant results in this region. 
 
The crustal thickness beneath northern Morocco has also been investigated from 
teleseismic data using the Receiver Function technique. We have reprocessed data from 
both the Topo-Iberia and PICASSO experiments and we have also installed some 
complementary stations to densify the data in the investigated zone. This has resulted in 
an independent estimation of the crustal depth which can be compared to the models 
derived from active seismics. 
 
In summary, the objectives of this thesis are: 
1. To derive the seismic properties of the uppermost mantle beneath the Euro-
Mediterranean region using Pn and Sn tomography. 
2. To derive the velocity-depth crustal structure beneath the Rif Cordillera 
based on the modeling of the RIFSIS wide-angle seismic profiles 
3. To investigate the crustal thickness offline the RIFSIS profiles from the 
unconventional process of new and existing data. 
4. To constrain the Moho topography beneath the region from the analysis of 
2-D passive seismic data along the Rif Cordillera 
 
The basic aim of this study is thus to provide new insight on the crustal structure 
beneath the Rif, and subsequently to provide stronger constraints on the geodynamical 
models proposed for the área .
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Chapter 2: Geological and Geodynamical framework 
 
2.1 Domains and evolution in the study area and 
surroundings 
 
 
The Western Mediterranean Region has a complex geodynamical history. After the 
Variscan orogeny, a large rifting episode affected the Mediterranean region in Mesozoic 
times. Later on, during the late Mesozoic, the area was dominated by subduction zones 
of relatively short wavelength which consumed the previous Tethyan oceanic crust and 
its continental margins. Since Cenozoic times, the tectonics is dominated by the opening 
of small-size oceanic domains in backarc situation in the framework of an Africa-
Eurasia convergence. The main subduction zones surrounding the Mediterranean Basin 
are the Alps-Betics, the Apennines-Maghrebides and the Dinarides-Hellenides-
Taurides, which have been imaged as high velocity slabs within the upper mantle in 
global and regional body-wave tomographies (Bijwaard and Spakman, 2000; Piromallo 
and Morelli, 2003; Koulakov et al., 2009; Zhu et al., 2012; Giacomuzzi et al., 2012). 
Extensional processes affected the whole region in Neogene times, as evidenced by the 
observation of a shallow asthenospheric layer in S-velocity tomographies (Marone et 
al., 2004; Schmid et al., 2008; Boschi et al., 2009; Legendre et al., 2012). Those 
extensional processes resulted in the opening of the Alboran, Algerian, Valencia and 
Provençal basins in the west, the Tyrrhenian and Ionian basins in the central 
Mediterranean, the Aegean basin in the east and the Pannonian basin at the northern 
limit of the investigated area. The origin of the Tyrrhenian and Alboran Seas seems 
related to the fast rollback migration of the former west Mediterranean subduction zone 
that resulted in the Calabrian and Gibraltar arcs migrating east and westwards, 
respectively. Since Neogene times, Africa is converging relative to Europe at a rate of 
about 5 mm/year, as evidenced by space geodesy data. The direction of the relative 
motion between both plates is not completely understood, with a dominant NW-SE 
direction in the western Mediterranean and a NNE-SSW direction to the east. This 
framework resulted in a complicated tectonic pattern dominated nowadays by large 
regions of extension surrounded by arcuate belts of compression (Carminati and 
Doglioni, 2004). 
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The limit between Iberian and African plates is not well constrained from the Gulf 
of Cadiz to the Algerian coast (Vernant et al., 2010). The contact appears as a diffuse 
transpressive band of active deformation with significant seismicity at intermediate and 
deep levels. Geological, geophysical and geochemical data have provided evidences of 
coeval extensional tectonics in the Alboran region during convergence between Africa 
and Eurasia (Dewey, 1988, Comas et al., 1999). The area was affected by N-S 
convergence since 35 Ma (Platt and Vissers, 1989), followed by a roughly EW oriented 
extensional episode from 27 to 7 Ma (Watts et al., 1993) and slow oblique convergence 
(5-6 mm/y), oriented approximately NNW-SSE, from 7 Ma to present. This continental 
boundary zone is dominated now by the slow convergence between Nubia and Eurasia, 
but clear evidences of extensional tectonics can be observed which require a complex 
geodynamic scenario to be explained. 
 
The Gibraltar Arc system, one of the tightest orogenic arcs on Earth, forms the 
Westernmost Mediterranean Alpine belt and comprises the Betic and Rif Cordilleras 
and a deep sedimentary basin over the extended continental crust of the Alboran Sea, 
which developed roughly synchronously with the orogenic belt during the Miocene 
(Vergés and Fernàndez, 2012; Platt et al., 2013). The Rif Cordillera corresponds to the 
southern branch of the Gibraltar Arc and is located at the westernmost part of the 
Maghrebide belt (Rif, Tell, Kabylies), which extends along the north Africa coast, and 
continues eastward to Sicily and Calabria (Figure 2.1). 
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Figure 2.1: Tectonic map of the western Mediterranean region showing the main orogenic belts and 
foreland basins (from Vergés and Sàbat, 1999) 
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2.2 Geology of North Morocco 
 
2.2.1  Rif Cordillera 
 
The Rif Cordillera is bounded the west and south by the Gharb and Saiss Basins 
respectively, and to the east by the Middle Atlas (Figure 2.2). The range extends for 
around 500 km roughly from Nador to the east to Sebta (Ceuta) to the north. Similar to 
the Betic Ranges and other Alpine Mediterranean cordilleras, the Rif Cordillera consists 
of Internal and External Zones, separated by Flysch domain (Durand Delga et al., 1962; 
Andrieux, 1971; Kornprobst, 1974; Frizon de la Motte, 1985). 
 
 
Figure 2.2: Map of southern Iberian and northern Morocco with the location and simplified geology 
of the study area. The major tectonic domains and boundaries are identified. GB: Gharb Basin; GuaB: 
Guadalquivir Basin; GS: Gibraltar Strait; HA: High Atlas; M: Meseta; MA: Middle Atlas; Nf: Nekkor 
fault; SB: Saïss Basin; TASZ: Trans-Alboran Shear Zone. The inside shows the location of the study area 
with respect to the Europe continent. 
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Internal Zones 
The Internal zones are formed by Paleozoic, Mesozoic and Cenozoic sequences, 
including metamorphic complexes that have been affected by Alpine deformation since 
the Eocene-Late Oligocene (Chalouan et al., 2001, 2008). Since the Late Miocene, 
continued compression has formed normal faults in the upper crustal levels of the 
Internal Zones, providing the relief of the modern Rif. The Internal Zones include three 
main metamorphic complexes: the Sebtides, the Ghomarides and the Dorsale Calcaire. 
 
The Sebtides complex (equivalent to the Betics Alpujarride complex) is a stack of 
metamorphic units. It consists of relatively deep crustal rocks such as mica-schists, 
migmatites and granulites associated with mantle peridotites of Beni-Bousera (Balanyá 
et al., 1997; Bauybaouene et al., 1998).  
 
The Ghomarides complex overlies the Sebtides and is equivalent to the Betic 
Malaguide. It includes four nappes of low-grade Paleozoic metasediments covered by 
thick, uncorformable Triassic red beds, and much thinner Liassic, Paleocene-Eocene 
limestone (Chalouan and Michard, 1990).  
 
The Dorsale Calcaire complex consists of stacked carbonate slabs platform to 
passive margin deposits with thin cover of Jurassic-Late Cretaceous pelagic and 
Tertiary detrital sediments (El Kadiri et al., 1992; Chalouan et al., 2001).  
 
External Zones 
The External Zones of each limb of the Gibraltar Arc originated from two distinct 
paleomargins of Africa and Iberia, respectively. Therefore, contrary to the Internal 
Zones and Flyschs nappes, the Rif External Zones do not display any 
stratigraphic/structural continuity across the Strait of Gibraltar, except in the uppermost 
and youngest units of the accretionary prisms located offshore in the Gulf of Cadiz 
(Chalouan et al., 2008).  
 
The Extrenal Zones comprise carbonate and pelitic Mesozoic and Cenozoic units, 
mainly limestone and marls. In the Rif, they form a fold-and-thrust belt detached along 
Late Triassic evaporite beds above the thinned continental crust of the North Africa 
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passive margin (Wildi, 1983; Chalouan et al., 2008). Three structural zones may be 
distinguished, from north to south and from top to bottom, the Intrarif, Mesorif and 
Prerif, which derive from more and more proximal parts of the African palomargin, 
respectively. 
 
Flysch domain 
The Flysch domain is composed of Cretaceous-Lower Miocene detritic rocks 
outcropping at more than 7000 km from the Betic-Maghrebian belt to the Balkian 
including Apennines, Alps, Dinarides, Hellenides and Carpathians. The Flysch domain 
forms a tectonic edifice, widespread along the whole Betic-Maghrebian belt and made 
up by several tectonic units which are piled up and overthrusted onto the external 
deposits (Puglisi, 2009). They overthrust the external Rif units with the exception of 
some klippes that are located on the Internal Zones as the result of the complex 
evolution involving back-trusting or back-sliding (Chalouan et al., 1995; El Mirihi, 
2005). The Flysch domain is formed by two nappes, the internal higher units, which are 
named Mauretanian, and the external and lower units, the Masylian nappes. Turbidite 
sequences, also called flyshs, are dominant in these nappes, but clay-dominated 
sequences occur at the bottom of each nappe, named pre-flyshs, (Chalouan et al., 2008). 
 
2.2.2  Alboran Basin 
 
In Early-Middle Miocene, after crustal thickening and metamorphism, the region 
began to undergo EW to NE-SW extension that thinned the continental crust along 
normal faults forming the Alboran Basin (Chalouan et al., 2008). This is a synorogenic 
basin with a thinning continental crust, which incorporates stretched elements of the 
orogen. It has a thick Neogene overlying deep crustal rocks locally recognized as 
belonging to the Sebtides-Alpujarride nappes. 
 
Up to 8 km of turbidites and muds accumulated in the western sub-basin where 
numerous mud diapirs occur. In the central and eastern parts of the basin, as well as on 
its southern and northern borders, an important cal-alkaline magmatism developed 
during the Middle-Late Miocene. This is the Trans-Alboran magmatic province.  
 
The Eastern part of the Alboran Basin includes the so-called Trans-Alboran Shear 
Zone (TASZ), a broad fault zone, composed of different left-lateral strike-slip fault 
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segments running from the eastern Betics to the Alhoceima region in the Rif and 
resulting in a major bathymetric high in the Alboran Sea, that affects the Neogene 
basins of the region (Udías and Buforn, 1992; Martínez-Díaz et al., 2001). 
 
2.2.3 Foreland Basins 
 
The Gharb (or Rharb) and Saïss basins are foreland basins separating the Rif belt 
from the Moroccan Meseta and Middle Atlas, and they form a roughly EW trending 
Late-Miocene, Pleistocene trough that covers the western part of the South Rifian 
Corridor (Hadif et al., 2008). Those basins have a structural origin and develop adjacent 
and parallel to a mountain belt. They were formed (DeCelles and Giles, 1996; DeCelles, 
2012) due to the immense mass created by crustal thickening associated with the 
lithospheric flexure. The width and depth of the foreland basins is determined by the 
flexure rigidity of the underlying lithosphere, and the characteristics of the mountain 
belt. 
 
The Gharb basin contain part of the Prerif nappe surmounted by a large amount of 
continental sediments reaching, in the case of the Gharb Basin, a maximum depth of 8 
km towards the west (Hadif et al., 2008). The basin was moreover filled with sediments 
of marine origin during the Tertiary and continental formations during the Quaternary, 
except for a coastal fringe (Hadif et al., 2008) and evolved as a foreland basin as the 
basement was loaded by the thrust sheets of the External Units (Fernàndez et al., 1998; 
García-Castellanos, 2002; Vergés and Fernàndez, 2012). 
 
The Guadalquivir basin is locate at north of the Betic Range, the northern branch of 
the Gibraltar Arc. This basis was formed during the Neogene, and was emplaced on a 
Hercynian basement. It is the foreland on the Subbetic nappes and it opens WSW 
directly to the Atlantic, in the Gulf of Cádiz area (Saenz de Galdeano and Vera, 1992). 
This basin is filled by Neogene to Quaternary rocks. This basin is formed by clays and 
marls, with locally developed tick bodies of sandstone turbidites (Azañón et al., 2002; 
Alonso-Zaraza et al., 2002). 
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2.3 Previous Geophysical Studies 
 
Early geophysical studies of the Rif in the 70’s consisting of low-density seismic 
refraction by Hatzfeld and Bensari, (1977) reported a crustal thickness of 30 km beneath 
the Gharb Basin. Beneath the Alboran Sea, wide-angle profiles (also in the 70's) 
constrain Moho-depths of 18-20 km beneath the central part of the basin (Working 
Group for Deep Seismic Sounding in Alboran 1974, 1978). Wigger et al. (1992) report 
crustal thicknesses of 35 km beneath the southernmost Rif determined by refraction 
recordings of quarry blasts. 
 
Torne et al. (2000) used gravity, heat flow and elevation data to estimate crust and 
mantle lithosphere thickness beneath the Alboran basin, the Betics and the Rif 
Cordilleras. They found that crustal thickness between the orogenic belts and the 
Alboran Sea may differ by as much as 25 km. These models where further refined by 
including constraints from the Geoid anomalies (Frizon de Lamotte et al., 2004; Zeyen 
et al., 2005) and possible petrological compositions (Fullea et al., 2010, 2014). These 
resulted in a moderately thick crust underneath the Rif and Betics (~32-34 km), and a 
thin continental crust (~18-22 km) beneath the Alboran basin. This basin progressively 
thins towards the east, reaching values less than 16 km depth at the transition to the 
Algerian basin. In the Moroccan interior, crustal thickness increases to 38 km below the 
highest elevations of the High Atlas, then it decreases to the southeast to 30-32 km. 
 
Results from a NW-SE oriented magnetotelluric profile across the Rif (Anahnah et 
al., 2011a) show a heterogeneous upper crust, with resistive (metamorphic rocks) and 
conductive (peridotites) bodies in the uppermost 10 km of the Internal Zones, and 
highly conductive bodies in the External Zones and foreland basin. The variable 
thicknesses of the latter ones suggest the presence of basement highs that may be related 
to blind frontal thrusts between the Gharb Basin and the External Zones. A crustal 
detachment level separating shallow geological units from a probable Variscan 
basement was inferred. At depths below 5 km, relatively large resistive bodies appear 
below the frontal part of the Rif. The southern Rif has also been modeled using 
magnetotelluric data, featuring wide and thin conductive bodies interpreted to 
correspond to detrital rocks that alternate with marl and carbonates (Anahnah et al., 
2011b). 
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Eurasian convergence relative to Africa trended south during the Late Cretaceous-
Paleogene, and has trended southeast oblique to the African margin from the Miocene. 
The present-day tectonic motions in the study area are constrained from GPS 
observations on permanent sites and temporary deployments (Fadil et al., 2006; Vernant 
et al., 2010; Koulali et al., 2011) combined with other stress indicators (Palano et al., 
2013). They show south to southeast motion at ~5 mm/year of the Rif region relative to 
stable Nubia. The Rif, Betics and Alboran Sea are an active seismic zone, with the Rif 
interpreted as a wide transpressive zone between the seismically active Tell to the east, 
and the oceanic transform fault plate boundary to the west. This is interpreted as 
additional evidence of subduction roll-back, corresponding to the contact area between 
two converging plates, Eurasia and Africa. 
 
Local earthquake travel-time tomography using data from the Topo-Iberia and 
PICASSO arrays of the Gibraltar Arc (El Moudnib et al., submitted) have significantly 
enhanced the previous models presented by Gurría and Mezcua (2000) and Calvert et al. 
(2000a). At the uppermost crustal levels low velocities (5.5-5.75 km/s) are observed 
beneath the Betics and the Alhoceima region, while the velocities beneath the Rif 
remain close to the 1-D IGN reference model (Gurría and Mezcua, 2000). At ~30 km 
depth, a low velocity zone (6.3-6.7 km/s) clearly underlies the Gibraltar Arc from the 
easternmost Betics to the southeastern Rif, were an abrupt change in velocity is 
observed. Low shear velocities have been determined in the same region from Rayleigh 
wave tomography (Palomeras et al., 2014). Calvert et al. (2000b) and Serrano et al. 
(2005) used seismic regional waveforms to map Pn velocities along the Africa-Iberia 
boundary. A robust low-Pn (˂ 7.8 kms -1) velocity anomaly is imaged beneath the 
Betics, in contrast with the relatively normal values beneath the Alboran Sea. The Rif 
and Middle Atlas show also low Pn velocities. Díaz et al. (2013) resolved similar 
patterns and a local area of high Pn and Sn velocity (˃8.2 kms -1 and ˃ 4.8 kms -1, 
respectively) beneath the Alhoceima region (approx. 35ºN, 3ºW). 
 
Regional 3-D teleseismic tomography (Bezada et al., 2013) images a high velocity 
slab-like feature beneath the Alboran Sea and much of the eastern Betics from 
lithospheric depths to >600 km (Figure 2.3). The geometry supports slab tearing 
beneath the eastern Betics, suggested previously by Spakman and Wortel (2004) and 
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Garcia-Castellanos and Villaseñor (2011). Rayleigh wave tomography and receiver 
function images of the western Mediterranean (Palomeras et al., 2014; Thurner et al, 
2014) suggest that the slab is attached to the crust beneath the Rif Cordillera, suggested 
also by Pérouse et al. (2010) from GPS observations.  
 
SKS split directions rotate around the Gibraltar Arc with the fast directions 
following the curvature of the Rif-Betic chain (Buontempo et al., 2008; Díaz et al., 
2010; Miller et al., 2013; Díaz and Gallart, 2014). This is interpreted as evidence of 
asthenospheric mantle flow around the Alboran slab (Díaz et al., 2010; Alpert et al., 
2013; Díaz and Gallart, 2014). Recent Topo-Iberia and PICASSO receiver function 
studies (Mancilla et al., 2012; Thurner et al., 2014) show large variations in crustal 
thickness beneath northern Morocco (Figure 2.4), with a clearly defined localized 
crustal root beneath the central Rif extending to 40-50 km, and significantly thinner 
crustal thicknesses of 22-30 km beneath northeastern Morocco, although the studies 
differ in detail. The eastern limit of the Rif Cordillera, in the transition between both 
areas, shows complex converted Ps signals admitting different interpretations. Thurner 
et al. (2014) identified a subcrustal horizon beneath the Betic and Rif Cordilleras, 
located between 45 and 80 km depth, which are interpreted as the top of the Alboran 
Sea slab merging with the Moho at 50-55 km depth.   
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Figure 2.3: Previous tomographic models in the area. 1) P-wave tomographic map for a depth of 50 km of the western Mediterranean (from Piromallo et al., 1997), 2) P-wave 
tomography map for a depth of 50 km of the Gibraltar Arc System and Atlas Mountains (from Bezada et al., 2014), 3) Shear waves tomography at depth of 50 and 60 km of 
the Gibraltar Arc System (from Palomeras et al., 2014), and 4) P-wave tomographic sections along the Gibraltar Arc System (from Spakman and Wortel, 2004; García-
Castellano and Villaseñor, 2011).  
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Figure 2.4: Moho depth maps obtained from previous receiver functions studies. 1) Two options of Moho depth maps from Mancilla et al. (2014). Moho depth map from 
Thurner et al. (2014) 
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2.4  Geodynamic models 
 
The Betic-Rif arc may be considered as one of the tightest and smallest orogenic 
arcs on Earth. Numerous, often incompatible geodynamic models have been proposed 
to explain the singular configuration of the Gibraltar Arc System (Figure 2.5), from 
processes including a continental scale thermal mantle source driving rifting from the 
Rhine Graben into the westernmost Mediterranean (Hoernle et al., 1995) to models 
suggesting regional scale recycling of the lithosphere by delamination (Seber et al., 
1996), slab break-off (Blanco and Spakman, 1993; Zeck et al., 1996), convective 
removal (Platt and Vissers, 1989) or active eastward subduction of oceanic crust 
(Gutscher et al., 2002). The formation of an arcuate orogen must be reflected in the 
geometry of the subducting slab, and the dynamics of the subduction process likely 
exert substantial control on the geometry of the arc. However, development of the arc 
requires significant strain in the back-arc region, and the dynamics of this process may 
also exert control (Faccebba et al., 2204; Platt et al., 2013). 
 
Many authors now relate the origin of the Gibraltar Arc to the segmentation of the 
Western Mediterranean Subduction Zone (WMSZ) and the fast westward oriented 
retreat of the subsequent narrow slab of oceanic lithosphere (Royden, 1993; Lonergan 
and White, 1997; Rosenbaum and Lister, 2004; Faccenna et al., 2004; Jolivet et al., 
2009; Vergés and Fernàndez, 2012). Recent mantle studies of this region suggest 
subduction related convective recycling and delamination of mantle lithosphere from 
the crust (Bezada et al, 2013; Palomeras et al, 2014; Thurner et al, 2014). However, 
large uncertainties remain on major points of such hypothesis. 
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Figure 2.5: Models previously proposed to explain the geodynamic evolution of the Alboran region: (a) 
delamination (e.g. Platt et al., 1996), b) slab break-off (e.g. Blanco and Spakman, 1993), c) convective 
removal or lithosphere (e.g. Seber et al., 1996), and d) slab rollback (e.g. Rouden, 1993; Lonenrgan and 
White, 1997). These entire hypotheses involve the sinking of negative buoyant lithosphere and rising 
positively buoyant asthenosphere mantle (from Platt et al., 2013) 
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Chapter 3: Methodological approaches 
 
Even if there is a large amount of bibliography dealing with the seismic 
methodologies used in this work (e.g. Stein and Wysession, 2003; Shear, 2009), we 
think that it is convenient to include a summary of the techniques considered during this 
thesis. Therefore, this chapter is devoted to present the basic concepts related to Pn/Sn 
tomography, wide-angle reflection/refraction deep seismic sounding profiles and 
teleseismic receiver functions. 
 
The seismic methods are widely recognized as one of the more powerful tools for 
the investigation of the physical properties of the Earth’s interior. The existence of the 
crust was first put on evidence by A. Mohovoricic one century ago from the inspection 
of the scarce seismic records available of an earthquake in the Kupavalley (Croatia). By 
1910, the presence of a core in the center of the planet was proposed by R. Olham and 
B. Gutenberg to explain the anomalies in the propagation of the seismic waves at large 
distances. Later on, in 1936, I. Lehman showed the existence of a differentiated inner 
core again from the analysis of seismic wave propagation times. The 3-D density 
structure inside the Earth’s mantle and core has been deduced in large part from the 
analysis of the normal modes of resonance recorded after large earthquakes. Therefore, 
the analysis of seismic data was basic to understand the structure of the Earth (Figure 
3.1). 
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Figure 3.1: Earth’s P-wave velocity, S-wave velocity, and density 
profiles as a function of depth. Values are from the Dziewonski 
and Anderson (1981) Preliminary Reference Earth Model (Shear, 
2009). 
 
3.1  Pn/Sn Travel-time tomography 
 
Seismic tomography was first developed in the mid-70s to obtain 3-D images of the 
distribution of velocities in the interior of the Earth (Aki et al., 1974, 1977; Paige and 
Saundes, 1982). Its objective is to obtain 2-D or 3-D images of the Earth’s interior using 
the seismic rays propagating trough it along different directions. In a homogeneous 
Earth, the time taken for a seismic wave to reach a point in the Earth surface will only 
depend on the distance between this point and the earthquake source. If a zone with 
anomalous high/slow seismic velocities exists, the rays traversing it will arrive 
before/after than the rays traveling outside. With a large coverage of earthquakes and 
receivers and a powerful computer treatment it is possible to map in detail the 
heterogeneity of the Earth interior following this approach. A similar method is used in 
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medical scanners, in which X-ray are shot and recorded in all directions through a 
patient body to study propagation anomalies. In the seismic case, the irregular 
distribution of sources and receivers, the uncertainty in the time and locations of the 
source and the errors in the picking of time arrivals will result in blurred images. 
Nevertheless, seismic tomography has proved to be one of the most powerful techniques 
to investigate the Earth’s interior. 
 
There are different type of seismic tomographies, depending on the set of source 
used (ambient noise, local or teleseismic events), the type of waves studied 
(compression P- or shear S-waves, surface waves), the analyzed property (travel-time, 
full waveform) or the mathematical approach followed to derive the final images. In this 
thesis we will focus in a special case of travel-time seismic tomography usually known 
as Pn/Sn tomography. We apply the technique developed by Hearn (1996), widely used 
in the seismological community, to invert the Pn or Sn travel-time arrivals reported in 
the International Seismological Center catalog. This method provides information on 
lateral seismic velocity variations, anisotropic properties and crustal thicknesses. Due to 
the shallow velocity gradient in the uppermost mantle and to the large contrast with 
lower crust velocities, Pn and Sn phases are confined in depth and thus the analysis of 
their travel-time variations provides insights on the velocity variations in the uppermost 
mantle. This methodology complements global and regional body-wave tomographies, 
that average velocity changes over large depth intervals and are very dependent on the 
crustal correction term, as well as surface-wave studies, which provide good vertical 
resolution but tend to smooth variations horizontally. The observed variations in the Pn 
and Sn velocities can be associated to changes in the temperature, pressure, composition 
or water content conditions. The anisotropic parameters to be derived from such kind of 
analysis constrain the mantle dynamics, as they can be related to the alignment of 
aggregate olivine crystals. Therefore, this method provides significant clues on the 
structure and dynamics of the uppermost mantle region. 
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3.1.1 Data selection 
 
The first step in this kind of studies is the selection of the input data. In this case we 
have used the time arrivals reported at the International Seismological Center (ISC) 
catalogue (International Seismological Center, 2010) during the time interval 1990-
2010, with epicenters and/or recording stations within the 20ºN/55ºN - 30ºW/30ºE 
region. We have tried to extend the southward limit of the investigated area, but the lack 
of seismic stations southward of the Tell-Atlas chain does not allow recovery of 
appropriate Pn phases. Data prior to 1990 has not been included because the number of 
available seismic stations has grown significantly in the last 2 decades, providing great 
increase in the amount of observations and thus in the accuracy of the catalogs. We 
estimate that using the whole time range of the catalog may have a negative effect 
because although the number of travel-time readings increases, its accuracy clearly 
decreases. The phases with travel-times exceeding by more than 30 s the theoretical 
time have been directly excluded to avoid readings affected typically by 1 minute errors. 
Figure 3.2 shows the travel-time arrivals recovered from the catalog.  
 
 
Figure 3.2: P phases obtained as a function of distance and the residual time (difference 
between the measured tome and the theoretical on assuming Vp = 8 km/s). In black are 
represented all the P phases obtained from the catalogs, and in red the selected data as 
input data. 
 
Pn phases are defined as head waves travelling within the uppermost mantle just 
beneath the Moho discontinuity, with velocities close to 8.0 km/s. However, in an area 
geodynamically very complex such as the Mediterranean region, it is very difficult to 
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clearly identify such waves. Following classical approaches, we assumed that any phase 
which travel-time verifies appropriate selection criteria may be treated as a real Pn 
phase (Figure 3.2). These selection criteria are: (1) hypocentral depths less than 35 km; 
this avoids considering subcrustal earthquakes which will not generate Pn phases. We 
have chosen a realistic reference value, even if changes in crustal depths beneath the 
Mediterranean region are very important; (2) epicentral distances ranging from 220 to 
1440 km (2.0º to 12.60º); those values were determined from the inspection of the time-
distance plot of all available wave picks; (3) initial residuals smaller than 6 s; (4) 
residuals smaller than 3 s after the adjustment of the mean Pn velocity; (5) each retained 
event must be recorded at a minimum of five stations and each retained station must 
have arrivals from five or more events. These selection criteria have also been 
considered for the Sn phases, assuming a typical Vp/Vs ratio of 1.73. 
 
We have to create a simple C program called “treuEvent_P_Pn” which allows 
selecting from the catalogue the travel-times which are described as P or Pn (S or Sn) 
(see Figure 3.3). Next step has been to design a script to gather the required information 
(phase identification, event origin time and location, station location and name, 
precision of the picking) and build the input file for the tomographic (Figure 3.4). 
 
 
Figure 3.3: Extract from the ISC seismic catalog where all the information from event 1750549 in 
France is shown.  
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Figure 3.4: Extract from the input data to arrange the Pn tomography. The first two columns correspond 
to the event location, followed by the station location and elevation in meters. The next columns refers to 
distance station-event in degrees; azimuth; event time in seconds; the arrival to the station in seconds; 
magnitude of the event; residual time in second; number of stations which recorded this event; event 
depth; date (year, month and day); precision in the pick; precision in the event latitude; and finally the 
precision in the event longitude. The same procedure was performed for the Sn data 
 
3.1.2 Method 
 
We followed the classical method of Hearn (1996) for inverting Pn and Sn travel-
times both for isotropic velocity variations and transverse anisotropy perturbations.  
 
If no anisotropy is considered, the travel-time between the i event and the j station 
can be expressed as: 
𝑡𝑖𝑗 = 𝑎𝑖 + 𝑏𝑗 + �𝑑𝑖𝑗𝑘𝑠𝑘 
 
where ai and bj are, respectively, the static delays for event i and station j, dijk is the 
distance travelled by the ray within cell k and sk is the slowness (1/v) in this cell. The 
station delay depends on the crustal thickness and the velocity beneath the station, but 
may also include errors derived from timing problems or from erroneous picking of the 
phase arrivals. The event term can, in addition, contain the effect of mislocations of the 
event.  
 
The sum is calculated over all the cells traversed by the ray, and the three 
unknowns ai, bj, and sk are retrieved from the whole set of equations using regularized 
least squares with a preconditioned version of the LSQR algorithm (Paige and Saunders, 
1982), which requires the use of a regularization or damping parameter. Further details 
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of the technique can be found in Hearn and Ni, (1994) and Hearn (1996). Thus, features 
and smoothness of the final model depend on the chosen size of the cells and the value 
of the smoothing parameter used. 
 
Previous works have already shown than better results are obtained if we consider 
the presence of anisotropy. In this case, assuming that the anisotropy in the uppermost 
mantle can be properly described by a 2θ azimuthal term, the equation to solve will be: 
 
𝑡𝑖𝑗 = 𝑎𝑖 + 𝑏𝑗 + �𝑑𝑖𝑗𝑘(𝑠𝑘 + 𝐴𝑘 sin 2𝜃 + 𝐵𝑘 cos 2𝜃) 
 
Ak and Bk are the anisotropic parameters for cell k and θ is the backazimuth. The size of 
the anisotropy at cell k is related to (Ak2 + Bk2)1/2 and the azimuth of the fast direction of 
propagation will be given by ½ arctan (Bk/Ak) + 90º. In this case, two damping factors 
must be used, one controlling the smoothness of the slowness variations and the other 
taking care of the anisotropy variations. The ratio between both factors controls the 
relative weight of the data variance accounted on each kind of variations, and both 
factors are used to get the right balance between low errors and small resolution width. 
 
The anisotropic term in 2θ in the Hearn’s equations is adapted from the theoretical 
work of Backus (1965) discussed in the classical review work by Crampin (1981). For 
P-waves, the dependence on θ is:  
 
𝜌𝑉𝑝
2 = 𝐴 +  𝐵𝑐 cos 2𝜃 + 𝐵𝑠 sin 2𝜃 + 𝐶𝑐 cos 4𝜃 + 𝐶𝑠 sin 4𝜃 
 
where ρ  is the density, and A, Bc, Bs, Cc and Cs are combinations of the elastic tensor 
(see equations 6.2 on Crampin, 1981). In the Hearn’s approximation, the terms in 4θ are 
not retained due to its small contribution. For S-waves, the equivalent equations are: 
 
𝜌𝑉𝑆𝑃
2 = 𝐷 + 𝐸𝑐 cos 4𝜃 + 𝐸𝑠 sin 4𝜃 
𝜌𝑉𝑆𝑅
2 = 𝐹 + 𝐺𝑐 cos 2𝜃 + 𝐺𝑠 sin 2𝜃 
 
where VSP and VSR refer to the S-waves polarized parallel and perpendicular to the 
symmetry plane. Assuming a horizontal symmetry plane, SR can be identified with the 
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SV polarized phase, contained in the same plane than the P-wave while SP will 
correspond to the SH component. Therefore, the SV polarized wave has a velocity 
variation with a 2θ dependence, in a very similar way to P-waves, while the SH 
component will vary with 4θ.  Introducing a 2θ anisotropic term in the Sn tomographic 
inversion implies the assumption that the S-wave arrivals identified in the catalogs 
correspond to SV polarized phases. This hypothesis is not unrealistic, as quite often the 
S-wave time-arrivals are read in vertical components. Therefore we decided to explore 
this case, even if we are aware that results should be taken with caution.  
 
The Pn tomography method assumes that the waves are travelling sub horizontally 
below the Moho. In case of a significant velocity gradient in the uppermost mantle the 
ray paths would deviate from this assumption, diving in the mantle lid and thus 
sampling higher velocities. However, the retained travel-times fit properly along an 8.0 
km/s line (Figure 3.5a), without evidences of relevant velocity changes. Furthermore, 
Figure 3.5(b) shows that a large majority of the used ray paths are less than 600 km in 
length. It has been tested that the retained travel times for the Sn phases adjust properly 
a 4.6 km/s line. 
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Figure 3.5: (a) Total travel-times used in the Pn tomography study as a function 
of distance. (b) Retained travel-time observations as a function of the distance 
and the residual time. Color scale and contours account for the number of 
retained observations 
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3.2 Active source profiling 
 
Controlled-source seismology (also called “active source seismics”) is one of the 
primary methods to explore the velocity-depth structure of the Earth’s crust and 
uppermost mantle. The particular advantage of controlled-source seismology is that it 
uses man-made seismic sources for which the origin time and location are precisely 
known. Active source seismology can be used in a large depth range, from the precise 
mapping of the uppermost sediments using high frequency sources to the identification 
of the base of the crust and even the properties of the uppermost mantle using large 
explosions. One of its more successful uses is in oil exploration, becoming the basic 
tool for the identification of geological structures which may content oil or gas tramps 
(see Figure 3.6). Active source seismic is classically divided in vertical reflection 
profiles and refraction/wide-angle reflection profiles. 
 
In vertical seismic reflection profiles, the seismic waves generated by the source 
are recorded on a large number of receivers located at a short distance. This results in 
the record of vertically reflected phases which provides a good image of the geometry 
of the interfaces phases but does not allow getting a good control on the seismic 
velocities. When used offshore, the typical source is formed by an array of air-guns, 
generating an air bubble that couples to ground motion when it reaches the sea bottom. 
Inland, most of the studies relay on the record of arrays of vibrating panels coupled to 
large trucks which can move quite easily. In both cases, a large number of sources at 
close distances are shot, providing redundant records (multicoverage) which once 
processed result in images with large power resolution. 
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Figure 3.6: Schematic representation of a vertical seismic reflection experiment 
 
Refraction/wide-angle reflection method uses a different geometry, in which large 
explosions (typically generated using chemical explosives) are recorded at distances of 
hundreds of kilometers by an array of seismic stations. Those receivers are not 
connected to each other, making fundamental to assure a common time base. This is 
nowadays assured by precise clocks synchronized to GPS receivers. In this case, the 
record contains seismic phases which are reflected with wide incidence angle in the 
seismic discontinuities, as well as phases which are refracted in the same interfaces 
following the Snell’s law. The identification of those phases allows deriving a crustal 
model providing information not only on the geometry of the reflectors, but also in the 
seismic velocity of each interface. However, the resolution of the obtained model is 
typically lower than the provided by vertical refraction profiles.  
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Figure 3.6: Schematic representation of the wide-angle seismic experiment and the 
propagation of the refracted P-waves (in white) and reflected P-waves (in yellow) 
along the different layers of the crust. 
 
3.2.1 Wide-angle reflection /refraction seismic data processing  
 
The data processing starts by sorting by offset (distance to source) the traces of a 
single shot recorded at all the available stations. The traces are displayed in a Distance-
Time reference system usually knows as “record section”. To better identify the arrival 
of the different phases, the vertical axis is expressed in the so-called reduced time (RT): 
 
RT = T – D/VR 
 
where T is for time, D is for distance and VR is a reduction velocity. The seismic waves 
travelling with velocities close to VR will appear as horizontal line in the record section, 
thus being easily identified.  
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Figure 3.7: Example of a wide-angle shot-gather (vertical component). The interpreted phases 
are labeled following the conventional notation (see text for explanation). Shot displayed with 
a reduction velocity of 8 km/s with the identified P-wave phases. 
 
We follow the conventional nomenclature to identify the different seismic phases 
(shown and labeled in the figures): Ps and Pg denote refractions through the 
sedimentary cover and the basement, respectively; PiP, PcP and PmP stand for P to P 
reflections produced at the top of the middle crust, top of the lower crust and Moho 
discontinuity, respectively; and P1, P1P identify refraction and reflection events on a 
locally limited sedimentary layer. 
 
Data processing included amplitude recovery, frequency filtering using a classical 
band-pass Butterworth filter (3-10 Hz) and phase enhancement by a lateral phase 
coherency filter [Schimmel and Gallart, 2007]. The filter is data-adaptive and identifies 
signals by their coherence which is derived from the local phases of neighboring 
stations. The local phases are obtained from a time-frequency analysis of the seismic 
records. Coherence means a measure of trace-to-trace similarity of seismic waveforms 
within a small analysis window. A signal is assumed to be coherent while random noise 
is not. This latter procedure allows a better identification of weak seismic arrivals at 
large offsets, as can be observed in Figure 3.8. The coherency filter was especially 
valuable in the case of shot R1 allowing us to identify arrivals from 80 km to 140 km 
offsets. A total of 2297 picks were obtained, 1154 from the NS profile and 1143 from 
the EW. 
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Figure 3.8: Record section for shot R4, where shows the (a) raw data, just using a frequency filtering 
(3-10 Hz); (b) the energy and phase enhancement by using a lateral phase coherency filter from 
Schimmel and Gallart (2007). 
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3.2.2 Wide-angle reflection /refraction seismic data interpretation 
 
Several approaches have been tested to interpret the data, all of them based in ray 
theory; 1) travel-time and amplitude inversion method, 2) a first arrival seismic 
tomography, and 3) a low-fold seismic stack 
 
a) Travel-time and amplitude inversion using RAYINVR 
 
P-wave velocity-depth models were derived by forward modeling of diving and 
reflected waves using RAYINVR software (Zelt and Smith, 1992). The algorithm is 
based on asymptotic ray theory (Cerveny et al., 1977) and is widely used to interpret 
wide-angle profiles. In this approach, the theoretical travel-time response of an 
inhomogeneous medium is calculated and compared with the observed record sections. 
The model is modified and a new iteration is run to decrease the divergence between 
calculation and observation. Even if the software allows using a direct inversion 
scheme, the relative low density of the data and the complexity of the investigated area 
have made inefficient its practical use. 
 
The input to the modeling program is a layered velocity-depth model. Each layer is 
delimited by nodes and a velocity for its top and its bottom is defined, allowing velocity 
gradients within the layer as well as lateral velocity variations. The medium is assumed 
to be isotropic with lateral homogeneity in a direction normal to the plane of the model. 
To calculate the theoretical ray tracing, the program divides each layer in trapezoidal 
blocks and calculates the velocity at any point within the trapezoid by linear 
interpolation between the upper and lower velocity in the trapezoid. To trace rays 
through the velocity model, the 2-D ray-tracing equations are solved numerically, 
satisfying the Snell´s law at the boundaries between layers. Once the ray is traced 
through the model, the total travel-times are obtained by simple numerical integration 
along the ray path. Three ray families, refracted waves, reflected waves and head waves 
are taken into consideration (Figure 3.9).  
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Figure 3.9: An example of the different types of 
ray groups considered for wide-angle travel-time 
modeling. (a) Refracted, (b) reflected and (c) head 
wave ray groups for a single layer. 
 
The models are obtained starting from the uppermost layer, adjusting the travel-
times for all the shots and then moving down to deeper levels. RAYINVR is the main 
program of the software package which provides ray tracing in 2-D isotropic media for 
forward and inverse modeling, and calculates travel-times residuals and partial 
derivatives for inversion. It also allows obtaining synthetic traces which provide 
information on amplitudes, even it is well-know that its accuracy is limited.  
 
Additional geological and geophysical constraints were considered in the modeling 
procedure where available. For the NS profile we start from the velocity-depth model 
presented by Ayarza et al. (2014) from the interpretation of the SIMA profile, crossing 
the Atlas and partially overlapping our profile. At the northern edge, the seismic models 
by Medialdea et al. (1986) were also taken into consideration. Different geological 
results compiled in Chalouan et al. (2008) have been used to get an initial estimation of 
the geometry and velocities in the uppermost sedimentary layers. 
 
b) First Arrival Seismic Tomography 
 
The first-arrival seismic tomography method (FAST, Zelt and Barton, 1998) is a 
tomographic method especially adapted to deal with data from controlled-source 
experiments. FAST uses the first seismic arrivals identified at each trace to infer a 
minimum-structure model by minimizing the roughness and size of the total slowness 
perturbation with respect to the starting model. A simplified starting model and a 
uniform parameterization of the investigated area are needed to start the process. As in 
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most tomographic methods, regularizations parameters are also needed in order to 
stabilize the inversion. The final result is a model which does not include seismic 
discontinuities, but smooth vertical and horizontal seismic velocity gradients. This 
model represents the minimum structure needed to justify the observed data. In order to 
produce satisfactory results, a dense distribution of rays sampling the investigated area 
is needed. This is typically achieved in offshore surveys, where air-guns are shot every 
150 or 300 m and recorded by OBS separated few kilometers each order.  
 
The FAST method has been implemented and tested using data from the RIFSIS 
experiment to verify if additional information could be inferred from the uppermost 
sedimentary layers. In our experiment, stations were distributed approximately every 
750 m and only 2-3 sources were shot for each profile. This resulted in a low density of 
first arrivals (Figure 3.10) which probably does not allow getting significant results 
using the FAST code. 
 
 
Figure 3.10: Schematic models of the wide-angle data showing the density of first arrivals. In red 
and green are represented the Ps phases, and in blue the first arrivals along the basement (Pg). More 
information is described in chapter 5 (a) EW profile and (b) NS profile. 
 
However, we tested if the method may provide some improvement to the available 
model. To do so, we used the final model resulting from the RAYINVR approach as 
starting model of the FAST code (Figure 3.11). Even if some changes appear in the 
sedimentary layers, its consistency could not be demonstrated. 
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Figure 3.11: (a) Input model used in FAST program, which corresponds to the final model obtained 
by RAYINVR program; (b) Best solution obtained by using FAST program. There are not many 
differences between both final models due to the distance between shots, which does not provide a 
good coverage, and therefore the output model is similar to the input model. 
 
c) 3D low fold wide-angle seismic stack 
 
The deployment logistics during the RIFSIS project allowed that all the stations 
recorded not only the shots aligned with each profile, but also the rest of them, hence 
providing a large set of offline propagation times. This data set can be used to 
investigate the geometry of the Moho in the zones not sampled by the main RIFSIS 
profiles.  
 
Seismic vertical reflection profiles take advantage of experimental devices with 
geometries of multiple coverages, which allow to group traces from different shots with 
a common reflection point (CDP). This allows eliminating incoherent signals and 
enhances the amplitude of the coherent phases. In our case the shot records have large 
offsets (long distance between the shot and the receiver) and hence we do not have 
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significant multiple coverage. However, the data can be processed in an analogue way 
to obtain a wide-angle, low-fold seismic stack. The offline shot-gathers of the RIFSIS 
project are processed following a conventional scheme. Several steps have been applied 
to increase the signal-to-noise ratio, including band pass frequency filtering, spherical 
divergence amplitude corrections, spectral whitening (spectral balancing), and 
amplitude gain (trace balancing). Following Carbonell et al. (2002), a hyperbolic time 
reduction, comparable to the classical Normal Move Out (NMO) correction, is applied 
to the data, resulting in stacks in which the reflections from the Moho are expected to 
appear as subhorizontal lines. By stacking signals of offline shots (e.g. shot R1 along 
EW profile) we can get information on the midpoint area, thus providing additional 
constraints on an area otherwise unsampled (Figure 3.12). Hence, low-fold wide-angle 
seismic stack provides a tool to image the possible lateral variations of the Moho 
topography. 
 
 
 
Figure 3.12: Geometry of the wide-angle seismic reflection experiments. Shot point 
locations are indicated by yellow stars: The red dots indicate the location of the seismic 
recorders while the white dots indicate the CMP (Common mid points) used for the low-
fold wide-angle stacks. Black lines show the contributing GASSIS-WestMed offshore 
profiles. 
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A second, complementary approach arises from the identification and reading of 
the PmP phases arrivals in the offline record sections of the RIFSIS shots. Figure 3.13 
illustrates the approach followed here. The time arrivals interpreted to correspond to 
PmP phases are read from the fan record sections from the WestMed profiles. Assuming 
a uniform crust with a mean velocity value of 6.3 km/s, the depth of the reflection point 
is calculated. This value is then assigned to the midpoint between the shot and the 
receiver positions. Of course, those assumptions imply that large errors can arise in case 
of heterogeneities, but we will show that such approach can also provide significant 
results in this region. 
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Figure 3.13: Examples of PmP picking on the complementary profile. Left panel: Shot R3 recorded at line 5000, where the offsets are between 164 and 167 km. Right 
panel: Shot R4 recorded at line 3000, where the offsets are between 120 and 170 km. Times are reduced using v=6.0 km/s. 
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3.2.2. Gravity validation 
 
To further assess its robustness, the new seismic models derived from our wide-
angle data are converted to density and the predicted Bouguer anomaly is compared 
with the measured one from BGI database. Using this tool helps us to validate the 
velocity-depths models obtained, and it can bring information of the areas that the 
seismic experiment could not cover, such as physical properties of shallow layers at far 
offsets.  
 
To account for lateral variations perpendicular to the strike of the profiles, gravity 
data have been averaged over a ±25 km strip of the RIFSIS seismic profiles. The gravity 
models have been built using the geometry derived from seismic modeling. An 
averaged P-wave velocity value has been assumed for each layer in the seismic model 
and the corresponding densities were calculated using the empirical relations by 
Brocher (2005), (Figure 3.14) which applies to most lithologies, except mafic- and 
calcium-rich rocks. The crust is modeled as: sedimentary layers with densities that 
range from 1800 to 2400 kg/m3, an underlying crystalline basement with density of 
2650 kg/m3, 2700 kg/m3 for the upper crust, 2800 to 2850 kg/m3 for the middle crust, 
2850 to 2950 kg/m3 for the lower crust and 3300 kg/m3 for the uppermost lithospheric 
mantle. Calculations of the gravity model response are based on the methods of Talwani 
et al. (1959), and Talwani and Heirtzler (1964), and the algorithms described in Won 
and Bevis (1987) and implemented in the Geosoft Oasis Montaj 2-D forward modeling 
software package (IUGG, 2012). 
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Figure: 3.14: Representation of the commonly used Vp-ρ relations. References: ZS89, 
Zelt (1989); G74, Gardner et al. (1974); B05, Brocher (2005); G97, Godfrey et al. 
(1997); B61, Birch (1961); CM, Christensen and Mooney (1995) - (Modified from 
Bezada and Zelt (2011)) 
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3.3 Receiver Functions 
 
The geometry of the Moho interface can also been investigated by using passive 
seismic data, that is, recording distant earthquakes in permanent and portable broad-
band seismic stations deployed over north Morocco. We have considered the classical 
receiver function (RF) technique. Receiver functions are time series computed from the 
three components records of teleseismic events by deconvolvolution of the vertical 
component from the radial and transversal ones. As teleseismic signals reach the station 
with small incidence angles, the vertical component is assumed to be a proxy of the 
source time function and the source-side and deep-earth propagation effects. Once 
deconvolved from the horizontal components, the remaining signal shows the response 
of Earth structure beneath the station. The most prominent signal in the RF is the P-to-S 
conversion (Ps) in the main seismic discontinuity beneath the station, which usually 
corresponds to the Moho. Inspection of the time-arrival of this phase and its 
reverberations allow inferring the depth of this converser (Figure 3.15).  
 
 
Figure 3.15: A schematic representation of receiver function: (a) 
Diagram showing the major Ps converted phases for a layer h over a half 
space model. (b) Synthetic RF corresponding to the model in (a) showing 
the direct P and the Ps converted phase and its multiples  
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Figure 3.16: (Right) Map showing the locations of the Topo-Iberia (blue and 
black; iberarray.ictja.csic.es) and PICASSO (red; iris.edu) seismic network 
stations used to perform the Receiver Function study. (Left) Instrumentation 
used and installed in the field. (1) Trillium 120 sensor connected to Nanometrics 
datalogger; (2) STS-2 and GURALP sensors with their Q330 dataloggers for the 
Picasso project; (3) Initial setting of electronics – Action Packer, containing the 
battery, Q330+Baler, power box, GPS, cables and break out box for a STS-2 
sensor; (4) Topo-Iberia station with the solar panel; (5) PICASSO station with 
solar panel and a fencing to protect the station. 
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Figure 3.17: Three-component seismogram, 0.5-12 Hz bandpass filtered, recorded at the M002 
station. In the vertical (HHZ) component is showed the first arrival, with the P label, of the telesiemsic 
event. 
 
The first step in the RF processing is the selection of the teleseismic events with 
magnitude higher than 5.5, epicentral distances between 30º and 90º and clear P arrivals 
recorded from the Topo-Iberia and/or PICASSO networks (Figures 5.16 and 5.17). The 
RFs are calculated by frequency domain deconvolution (Langton, 1979) of the vertical 
component from the horizontal components in the time window corresponding to the P 
arrival and its coda. The deconvolution is done using the classical “pwaveqn” software 
(Ammon, 1997), using gauss filter-width parameter values of 2-4 and typical water 
level values ranging between .01 and .001. After visual inspection, only those RF with 
good signal-to-noise ratio were retained.  
 
Once the RF calculated, we have used the H-κ analysis (Zhu and Kanamori, 2000) 
to infer an estimation of the crustal depth (H) and the κ ratio (κ = Vp/Vs) beneath each 
investigated station. This method considers a mean crustal velocity and estimates the 
arrival time of the Ps, PpPs and PsPs phases for each given combination of H and κ.The 
real amplitude values of the RFs at those times are then evaluated in the (H, κ) 
parameter space using the estimation parameter s: 
 
𝑠 �𝐻,𝑉𝑝
𝑉𝑠
� = �[𝑎(𝑡𝑝 − 𝑃𝑠) + 𝑎(𝑡𝑝 − 𝑃𝑝𝑃𝑠) + 𝑎(𝑡𝑝 − 𝑃𝑝𝑆𝑠)] 
𝑛
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The presence of a well-defined maximum in the stacking surface defines the 
preferred solution for each station. In many cases, and especially if the energy of the 
multiple phases is scarce, the trade-off between both parameters produces stacking 
surfaces showing a well-defined “crest” but with poorly constrained maximum value 
(Figure 3.18a). We have used a mean crustal Vp of 6.2 km/s, estimated from the wide-
angle seismic profiles available in the region (Gil et al., 2014; and Chapter 5). It has 
been shown that variations of ± 0.1 km/s in Vp result in changes of ± 0.6 km in the 
Moho depth, making the choice of the reference Vp value not a critical issue (Mohsen et 
al., 2005; Nair et al., 2006).  
 
The H-κ method is known to have limitations in the presence of a dipping 
converser, a gradient-type boundary or in presence of sedimentary environments. (e.g. 
Julia et al., 2003; Lombardi et al., 2008). In those cases the Ps reverberations are 
masked and hence the amplitude summation does not provide reliable results. In this 
case, following Mancilla et al. (2012), we have estimated the crustal thickness by 
picking the arrival time of the converted phase, Ps, in the summation trace after 
applying a Ps-moveout correction and then converting delay time to depth using a Vp/Vs 
ratio consistent with that derived for other stations in the same domain (Figure 3.18b).  
 
 . 
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Figure 3.18: Results for station PM36. (a) H-κ analysis. The thick black ellipse denotes the estimated uncertainty in the definition of the Moroccan 
Moho. (b) Receiver functions retrieved from the radial and transverse components, respectively, corrected for Ps-moveout and stacked into bins of 
10º of back azimuth. The dashed lines correspond to the direct P arrival, the converted phase (Ps) and the multiples (PsPs+PpSs). On top of each 
panel it is shown the radial and transverse stacked Receiver Functions.  
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Chapter 4: Uppermost mantle velocity and anisotropy 
in the Euro-Mediterranean region from Pn and Sn 
tomography 
 
4.1 Introduction 
 
The original purpose of this study was to produce a tomographic image of the 
uppermost mantle beneath the Iberian Peninsula and Northern Morocco, using the 
classical Hearn’s method (Hearn, 1996), based on the analysis of Pn phases. However, 
we decided to extend the study area to cover the whole Euro-Mediterranean region with 
the aim of providing a view of the properties of the uppermost mantle beneath the whole 
region, affected by recent tectonic events including subduction and extensional 
processes. This large scale approach allows integrating previous works focusing at 
smaller scales (Mele et al., 1998; Hearn et al., 1999; Serrano et al., 2005) and to connect 
them with recently published Pn tomographies beneath East Asia (Al-Lazki et al., 2004; 
Mutlu et al., 2011) and the continental collision zone from Alps to Himalaya (Pei et al., 
2011a). The lack of available seismic stations make impossible to extend the 
tomographic images southwards of the Mediterranean coast of Africa. However, the 
Mediterranean basin is generally well sampled, as it will be discussed hereafter. 
 
The geodynamics of the Euro-Mediterranean region has been a subject of debate 
during the last decade. Key questions, as the Cenozoic evolution of the western 
Mediterranean, the geometry of the subduction beneath the Peloponnesus or the 
relationship between the European and the Adrian plates beneath the western Alps are 
still not solved. One of the main tools to investigate those points is provided by body 
and surface wave tomographies. However, those methods do not allow constraining in 
the geodynamic interpretation. In this chapter we present a new regional scale Pn and 
Sn tomographic inversion aims to provide new clues to the discussion of those open 
subjects. 
 
4.2  Data analysis 
 
As previously mentioned in Chapter 3, to select the useful dataset we followed a 
classical approach of: (1) hypocentral depths less than 35 km; this avoids considering 
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subcrustal earthquakes which will not generate Pn phases. We have chosen a realistic 
reference value, even if changes in crustal depths beneath the Mediterranean region are 
very important; (2) epicentral distances ranging from 220 to 1440 km (2.0º to 12.60º); 
those values were determined from the inspection of the time-distance plot of all 
available wave picks; (3) initial residuals smaller than 6 s; (4) residuals smaller than 3 s 
after the adjustment of the mean Pn velocity; (5) each retained event must be recorded 
at a minimum of five stations and each retained station must have arrivals from five or 
more events. These selection criteria have also been considered for the Sn phases, 
assuming a typical Vp/Vs ratio of 1.73. 
 
Applying those constraints, from an initial set of 172293 travel-times, a total of 
579753 Pn arrivals corresponding to 12377 events recorded at 1408 stations were 
retained for Pn waves (Figure 4.1a), and 162645 arrivals from 7528 earthquakes at 869 
stations for Sn waves. The resulting ray paths provide an appropriate coverage for the 
Pn phases, although less satisfactory for the Sn ones (Figure 4.1b). 
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Figure 4.1: Pn (a) and Sn (b) ray paths used in the tomographic inversion. Red triangles and crosses display respectively the stations and events used in each 
tomographic inversion. 
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We followed the classical method of Hearn (1996) for inverting Pn and Sn travel-
times both for isotropic velocity variations and transverse anisotropic perturbations. 
Previously we have performed a series of tests to investigate the resolution that can be 
obtained with our event-station data set, and to fix the values of the number of iterations 
and the damping factors more convenient for our data set. First trials were performed in 
the isotropic case with a number of iterations limited to 25. Different damping values 
from 200 to 1000 were tested and finally a value of 500 was retained for slowness, even 
if no significant changes appear for damping larger than 400. When dealing with Sn 
arrivals a smaller damping factor of 200 must be used to get a smooth image. In the 
anisotropic case, the trade-off between velocity and anisotropy variations has been 
checked using different combinations of slowness and anisotropy damping factors. 
However, neither the standard errors nor the tomographic images obtained show 
significant differences, if extreme combinations were avoided. We finally used the same 
values for both damping factors, as it has been recommended by Hearn (1996). This 
choice implies that the amount of velocity and anisotropy perturbation is similar. We 
decided to extend our calculations to 100 iterations, even if little additional effect on the 
standard error or the velocity image is observed after 60 iterations. The final root mean 
square of the residuals is 0.83946 s. Allowing more iterations resulted in more 
constrained and patched velocity anomalies, that in turn make more convenient to use a 
higher damping factor, finally fixed to 1000 for the Pn inversion and to 600 for the Sn 
case. 
 
Checkerboard test models with different pattern sizes and alternating values of 
±0.25 km/s for low and high velocities were used to explore the resolution, with station 
and event delays set to zero. We calculated synthetic travel-times using the same 
configuration of events and stations as in the real case and the same damping factors to 
test whether the input model can be recovered properly. The checkerboard with a 2º x 2º 
pattern can be satisfactorily recovered for velocity variations in mort of the investigated 
area (Figure 4.2). However, the scarce amount of seismic stations in Northern Africa 
results in a lack of resolution in the southern Mediterranean coasts. Most of 
southwestern Europe and the northernmost Morocco are well resolved even, if beneath 
Northern Iberia and the Gulf of Cadiz the resolution diminishes as most of the rays are 
orientated along single directions, resulting in elongated leaking. A checkerboard with 
1º x 1º cells can only be recovered properly in the zone more illuminated by seismic 
Part II: Results and discussions  Chapter 4: Pn and Sn tomography 
57 
 
rays, comprising Central Iberia, Western Mediterranean Basin, SW of France, Italy, the 
Balkan and Greece. 
 
Regarding the anisotropic pattern, the resolution is clearly lower (Figure 4.3). In this 
case the synthetic model has anisotropic fast polarization directions (FPDs) orientated 
orthogonally in neighbor cells, with a 3 per cent degree of anisotropy. Checkerboard test 
show how the inversion produces spurious oblique orientations at the corners of the 
cells, resulting in an image dominated by those artifacts when checkerboard cells of 2º x 
2º are used. Only when large cells of 4º x 4º are used, the anisotropic pattern can be 
properly retrieved in most of the study area. This clearly shows that the anisotropic 
parameters are not properly constrained at small scales and thus their interpretation must 
be taken with special care, focusing only in large-scale terms. 
 
 
Figure 4.2: Checkerboard test for Pn and Sn velocity variations (2º x 2º), (a) and (b) respectively. 
Standard deviations of the Pn and Sn velocities from bootstrap analysis, (c) and (d) respectively. 
The dashed line delimits the confidence zone (small standard deviations of Pn and Sn velocity and 
successful checkerboard tests)  
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Figure 4.3: Checkerboard test for anisotropic parameters in the Pn tomographic inversion (4º x 4º). 
 
The bootstrap analysis technique (Hearn and Ni, 1994) is used to estimate the errors 
in the Pn velocity distribution. The method works by constructing a number of data stets 
randomly picked from the original data, inverting each one with the same parameters 
and finally estimating the standard error of the Pn velocity distribution. Figures (4.2a 
and 4.2c) show the result of the procedure. The velocity errors are small, only exceeding 
0.02 km/s in the most external zones, thus confirming the good coverage in the central 
region. 
 
Checkerboard tests and bootstrap analysis have also been applied to the Sn set 
(Figures 4.2b, d). In this case, the area recovered properly is smaller, due to the more 
limited number of travel-time readings. The main difference with Pn data is located 
beneath the Tyrrhenian Sea, an area not sampled properly by Sn phases. However, a 
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large zone including the whole Iberian Peninsula, France, northern Italy, the Adrian 
Plate, Central Europe, the Balkans and Greece is well resolved by both data sets.  
 
4.3 Results 
 
The fitting of all the retained travel-times led to a Pn velocity estimation of 8.03 
km/s. Assuming a 6.2 km/s mean value for the crustal velocity (value which is in 
agreement with Christensen and Mooney, 1995, and with the average crustal velocity in 
the Rif, see more information in the following chapter), the obtained intercept time 
results in a mean crustal thickness over the whole area of 39.1 km. 
 
The station static delay terms reflect variations in the crustal thickness and/or 
velocity relative to the assumed model. The presence of marked variations in crustal 
depth beneath the investigated area has been revealed from a large number of active 
seismic surveys (see Grad et al., 2009; Tesauro et al., 2008; Díaz and Gallart, 2009, and 
references therein). The station delays obtained in our study (Figure 4.4) are in general 
in good agreement with those results. Positive delays that can be related to zones with 
increased crustal thickness are observed along the Hellenides, Alps, Apennines, 
Pyrenees, Betics and Rif ranges. The largest consistent negative delays are observed 
from the Canary Islands to Sicily along the southern Mediterranean coasts. 
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Figure 4.4: Static time delays associated to each station 
 
The Pn velocity perturbations are calculated first for the isotopic case (Figure 4.5a), 
and then an anisotropic term is introduced (Figure 4.5b). At a first glance, the presence 
of hetereogeneous lithospheric structures in the Mediterranean area is clearly inferred 
from the observation of very large fast and slow anomalies beneath the region, generally 
in close correlation with surface geology. The inclusion of an anisotropic term does not 
improve significantly the final rms, evidencing the intrinsic trade-off between velocity 
and anisotropic variations. However, the anisotropic term enhances significantly the 
lateral continuity of the anomalies, resulting in more constrained images. This effect, 
already reported by Hearn (1996), suggests that the presence of anisotropy must be 
included in any seismic study to be carried over those regions. 
 
The most significant low-velocity values (<7.8 km/s) are found beneath the main 
orogenic chains (Alps, Pyrenees, Betics, Apennines and the Calabrian Arc) and under 
the Sardinia and the East and South of the Balearic Islands, close to the northern limit of 
the Algerian Basin. The Dinarides-Hellenic arc is also imaged from its northern limit to 
the south of Peloponnesus Peninsula. Beneath Crete, the velocity anomaly is hardly 
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recognized, probably due to reduced ray coverage. The signature of the Alps is not 
continuous, with low-velocity zones beneath its W and SW terminations, separated by 
an 8.0 km/s zone along the Swiss-Italian border. The anomaly beneath the Pyrenees is 
limited to its eastern section, while no perturbation is apparent neither in the western 
Pyrenean Chain nor beneath the westward prolongation of the orogen, the Cantabrian 
Mountains. However, the latter is not well sampled from our data. A large velocity 
anomaly is observed beneath the Eastern termination of the Betic chain, while the 
southern part of the Gibraltar Arc (Rif chain), still inside the well-resolved zone, shows 
a velocity close to 8.0 km/s. 
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Figure 4.5. (a) Pn velocity anomalies with respect to 8 km/s assuming isotropic propagation (weight-damping factor: 1000). (b) Pn velocity anomalies including an 
anisotropic term (weight and anisotropic damping factor: 1000). The dashed line delimits the confidence zone; outside this area, the results are masked. 
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The most prominent high velocity zone extends along the Adriatic Sea, from the Po 
Basin to the Ionian Sea. Less prominent high velocity zones appear under large 
sedimentary basins, as the Ligurian, Aquitanian or Guadalquivir-Gharb basins. The 
Kabylies, in the central and eastern coast of Algeria, show another high velocity 
anomaly, while the Valencia Trough and the southern Alboran Sea exhibit also a less 
pronounced but well-constrained high velocity anomaly. 
 
The Pn tomographic image here obtained has a relatively good consistency with the 
uppermost layer of the available regional and teleseismic 3-D tomographies (Bijwaard 
and Spakman, 2000; Piromallo and Morelli, 2003; Koulakov et al., 2009). The most 
prominent feature in both types of tomographic images is the low-velocity zone under 
the Dinarides-Hellenides, the Alps and the Apennines as well as the high velocity 
anomaly along the Po Basins and the Adriatic Sea. In the western Mediterranean, low 
velocities are observed south of the Balearic Islands and beneath the Betics. However, 
significant differences arise between the different tomographies in the Tyrrhenian and 
Provençal-Ligurian Basin, probably resulting from the lack of resolution in the upper 
layers in teleseimic tomography, which is greatly affected by abrupt variations n crustal 
thickness or velocity. 
 
The resolution test discussed in the previous section of this chapter evidenced that 
the tomographic method here used allows to properly recovering only large-scale 
anisotropic features, as smaller ones may be the result of artifacts during inversion. 
Large anisotropic values (Fig. 4.6) appear beneath the Apennines, orientated subparallel 
to the belt and bending to NE-SW in the Calabrian Arc. The Alps show an arcuate 
variation of the anisotropic properties, from NS orientated FPD and a small degree 
beneath SE France to large values and E-W orientated FPD under the Eastern Alps. 
Clear anisotropy with FPD subparallel to the orogen is also observed beneath the 
Dinarides and the Hellenides. The Betics have large anisotropy with FPD following the 
topography of the belt till the Gibraltar Strait, but not clear evidences of anisotropy are 
observed beneath the Rif. In the Alboran Sea the FPD seem to shift smoothly from NS 
in the western part to NW-SE in its eastern section. Along the Valencia Trough, the 
magnitude of anisotropy is moderate and the FPD are parallel to the extension, The FPD 
shifts around the Balearic Islands to a NE-SW orientation between the Balearic 
Promontory and Algeria, where the anisotropy is stronger. Beneath Sardinia, FPD are 
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orientated NW-SW, changing abruptly to E-W under the Tyrrhenian Basin. Further 
North, another region with significant anisotropy is observed under southern Germany, 
an area still well-resolved by our data. The observed FPD are in this case oriented close 
to NNE-SSW. In general, the regions with high velocity anomalies do not show a 
consistent anisotropic pattern, while there is an overall correlation between the zones 
with a significant amount of anisotropy and those with low-velocity anomalies. 
 
 
Figure 4.6: Anisotropic parameters recovered from the tomographic inversion. The 
orientation of the blue bars accounts for the fast polarization directions (FPD) in each 
cell. Its length shows the strength of the anisotropy. Red bars correspond to the 
published anisotropic parameters in the Euro-Mediterranean region from the analysis of 
SKS splitting (Wüstefeld et al., 2009) 
 
For the inversion of the Sn phases, the same procedure has been considered, even if 
the number of travel-times and the resulting ray coverage is clearly poorer (Figure 
4.1b). In a first step, the inversion is done in the isotropical case. The results (Figure 
4.7a) show an overall similarity with the Pn inversion, even if some differences can be 
clearly observed. As discussed in previous selection, the inclusion of an anisotropic 
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term, although not evident, produces an effect very similar to the case of Pn phases. The 
velocity perturbations are shaper and have more lateral continuity than if only isotropic 
velocity variations are allowed (Figure 4.7b). This provides an a posteriori argument 
favoring the inclusion of an anisotropic term in the Sn velocity inversion. To better 
discuss the differences between the Pn and Sn velocity variations, Figures 4.8 (a) and 
4.8 (b) show the Vp/Vs ratio calculated without and with anisotropic terms. Even if it 
has been shown that the interpretation of the Vp/Vs ratios in terms of Poison ratio is 
difficult when the quality of the P and S velocities is significantly different (Eberhart-
Phillips, 1990), this representation provides a good tool to compare the Pn and Sn 
tomographic images. Within the area properly resolved by both Pn and Sn data, the 
more stable areas (Adria Plate, Central Iberia, France) have larger Vp/Vs ratios, while 
the active zones, including the Betics, Western Mediterranean, Alps, Dinarides and 
Hellenides displays clearly smaller values.  
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Figure 4.7: Obtained Sn velocity anomalies with respect to 4.6 km/s assuming isotropic propagation (a) and including also an anisotropic term (b). The damping 
factors are fixed to 600. The dashed line delimits the confidence zone; outside this area, the results are masked. 
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Figure 4.8: Vp/Vs ratios retrieved from the inversion assuming isotropic propagation (a) and including also an anisotropic term (b) 
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4.4 Discussion 
 
Laboratory studies on peridotites samples at high-pressure conditions have shown 
that seismic velocities rapidly decrease with increasing temperatures (Sato et al., 1989). 
The presence of even small amounts of water can reduce the solidus temperature in the 
mantle, resulting in partial melt and low-seismic velocities (Karato and Jung, 1998). 
Therefore, the low-velocity zone observed beneath the main orogenic belts suggest 
abnormally high temperature conditions, implying uppermost mantle material close to 
solidus and related to the building of the orogens. Compositional changes or the 
presence of some amount of water into the upper mantle as a result of the Neo-Tethys 
and Mediterranean lithosphere subductions may also explain such low values. 
 
Multu and Karabulut (2011) have recently presented a Pn tomography study of 
Turkey and adjacent regions, updating the previous work by Al-Lazki et al. (2004) and 
showing low-velocity anomalies beneath western Anatolia, Agean Sea and Greece. Pei 
et al. (2011a) obtained a large scale Pn and Sn tomography model extending from 15º E 
to the Himalaya. Beneath the Dinarides and the Aegean Sea those authors identify low 
velocities, while high velocities are observed beneath the southern section of the 
Adriatic Plate. The results here presented confirm these points, and thus make possible 
to extend the tomographic images till the Atlantic Ocean, completing the imaging of the 
Alpine-Himalayan belt. As already proposed by Mele et al. (1998) using a limited 
number of travel-time readings, the large high velocity zone observed beneath the Po 
Basin and the Adriatic Sea may be due to its rather stable character, as it is widely 
accepted that stable cratonic areas result in high Pn velocity. The low-velocity is below 
the Dinarides-Hellenides can be associated to the presence of a mantle wedge (Heanr, 
1999). Below the Apennines, the low-velocity zones have probably a thermal origin 
related to its backarc position. It can be observed that the low-velocity zone in our 
results is limited to the Apennines and does not extend to the Tyrrhenian Sea as it has 
been imaged by telesiemsic tomography (e.g. Kaulakov et al., 2009). Beneath the Alps, 
the two important low velocities observed seem to be separated by a zone of normal 
velocity located roughly under the Insubric line, which marks the structure between the 
European and Adriatic plates. Lippitsch et al. (2003) using high-resolution tomography 
showed that at 90 km depth the velocity distribution is significantly different, with high 
velocities beneath Southwest Alps and the Adriatic Plate a low velocity beneath western 
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Switzerland. The uppermost mantle beneath southern Germany shows a well-defined 
high velocity anomaly already identified in a regional Pn tomography presented by 
Song et al. (2004) and interpreted as resulting from an ancient process of underplating. 
Under the Pyrenees, the presence of low velocities only in its Central-Eastern section 
may reflect the different characterize of the Alpine orogeny along the chain. The Alpine 
deformation begins in the Late Cretaceous at the eastern Pyrenees (Vergés et al., 1995) 
and only in Eocene to Miocene times in the Cantabrian Mountains (Gallastegui et al., 
2002). The shortening along the chain has been evaluated in 150 km in central Pyrenees 
(Muñoz, 1992) but limited to 75 km in the western Pyrenees (Teixell, 1998). Hence, the 
low-velocity zone corresponds to the area where the Alpine deformation began and 
where the shortening has been more important. 
 
Active seismic surveys beneath the Betics (Banda and Ansorge, 1980) have 
evidenced a low-velocity region beneath a thin mantle lid. This regions, located between 
38-40 km and 60 km depth, is grossly consistent with the large low-velocity observed in 
both Pn and regional and teleseimic tomographies and its origin should be related to hot 
mantle. Teleseismic wave tomography has identified a high velocity slab under the 
Alboran Sea at depths exceeding 100-150 km. Garcia-Castellanos and Villaseñor (2011) 
recently proposed a model that includes a lateral tear of this slab beneath the Betics, 
which may be consistent with our observation of low velocities beneath the Betics but 
not further south along the Gibraltar Arc. This region has been investigated using Pn 
phases by Calvert et al. (2000) and Serrano et al. (2005) using different sets of data, 
which had evidenced the presence of a robust low-velocity anomaly with significant 
anisotropy beneath the internal Betics. Calvert et al. (2000) observed a high velocity 
slab beneath the southern part of the Alboran Sea which was related to a rather cold 
mantle beneath this zone and which appears also in our results. However, heat flow data 
(Soto et al., 2008) does not seem compatible with this hypothesis, as it defines a hotter 
region (>650ºC) at Moho depths running SW-NE across the central part of the Alboran 
Sea. 
 
The observation and interpretation of the low-velocity zones close to the Balearic 
Islands and beneath Sardinia are of particular interest because, even if previous S-wave 
tomographies depicted the presence of a low-velocity zone in the Algero-Provençal and 
Tyrrhenian basins at depths of 75-100 km (Marone et al., 2004, and Legendre et al., 
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2012), its presence at shallower levels has not been previously described. The Balearic 
Islands low-velocity zone is limited to the east by the Hannibal Ridge and includes the 
Emile Baudot escarpment, a large right-lateral transform zone orientated NE-SW and 
interpreted as marking the western migration of the Alboran microplate (Acosta et al., 
2001). Mauffret et al. (2004), suggested that the Hannibal Ridge was an active 
spreading center until Tortonian (8 Ma) or even after (6 Ma). Multibeam mapping led to 
the discovery of the SW Mallorca Volcanic Field, an area with a relevant number of 
volcanic pinnacles related to Miocene to recent volcanism (Acosta et al., 2001). 
Therefore, the observed low-seismic velocities are probably related to the recent 
tectonics in the area. The eastward migration of the volcanic area associated to the 
counter-clockwise rotation of the Corsica-Sardinia block resulted in ongoing volcanism 
in Sardinia until 12 Ma, followed by a sporadic anorogenic phase developed during the 
Lace Miocene-Quaternary (Beccaluva et al., 2011). Hence, here again the observed low-
velocity zones are consistent with the presence of hot materials at shallow levels. The 
geometry of both low-velocity zones allows speculatting with an original unique low-
velocity zone, split during the emplacement of the Corsica-Sardinia block. Many 
reconstructions of the Western Mediterranean suggest continuity between the subducted 
slabs beneath the Calabrian and the Gibraltar Arcs along the Algerian margin, even if 
global tomography images do not confirm this point (Rosenbaum et al., 2002). The high 
velocity anomaly beneath the Kabylies, observed both in our Pn results and in global 
tomographic images, can then be related to a segmented slab affected by vertical 
tearing. 
 
Comparing Vp and Vs tomographies it can be observed that tectonically active 
zones tend to present smaller Vp/Vs rations, while the stable areas have higher values. 
However, this point has to be taken with caution, as it has been shown that the 
difference in the number and quality of the Pn and Sn observations makes difficult the 
interpretation of this ratio. Pei et al. (2011b) proposed an approach based in the back-
projection of S-P time differences that can be used in future works to assess the validity 
of this results. 
 
The presence if anisotropy within the upper mantle is nowadays well established 
(Babuska and Cara, 1991). The origin of such anisotropy is related to the strain included 
lattice preference orientation (LPO) of the mantle minerals, in particular of olivine (e.g. 
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Nicolas and Christensen, 1987). Anisotropy thus provides one of the best tools to 
investigate deformation in the upper mantle somehow extending structural geology to 
depth. In tectonically active areas, FPD are expected to mark the direction of flow. In 
zones without present-day large-scale tectonic activity, LPO result from strain from the 
last significant tectonic episode preserved in the subcrustal lithosphere or from dynamic 
flow in the asthenosphere. During the last decades, the analysis of SKS splitting has 
provided a large amount of information related to mantle anisotropy. However, the 
relationship between the results of those studies and the anisotropic parameters retrieved 
from Pn tomography must be taken with caution, as significant resolution differences 
arise between both cases. SKS provides a good lateral resolution, only limited by the 
Fresnel zone beneath each station, but fails to constraint the deep location of the 
anisotropic zone. On the other hand, Pn tomography samples only the uppermost part of 
the mantle thus providing a good resolution in depth but its lateral resolution is limited, 
as it has been discussed in the previous section of this chapter. Schmid et al. (2004) 
presented a compilation on FPD inferred from SKS splitting analysis over the Euro-
Mediterranean zone. In the last years, new experiments have improved the knowledge 
on anisotropy over this region, as summarized in Figure 4.6, build using the results 
compiled by the “Splitting Data Base” (Wüstefeld et al., 2009). 
 
The good correlation between the inferred Pn FPDs and the trend of the main 
orogenic belts suggest that the origin of this anisotropy is related to the strain field. In 
the Aegean region the FPD tends to be orientated NE-SW (trench-perpendicular) in the 
back-arc, where anisotropy is related to mantle wedge flow. Close to the trench, the 
FPD tends to be parallel to its orientation, even if the results show significant scattering 
(Evangelidis et al., 2011). The Pn anisotropic parameters obtained in our study show 
similar pattern, with FPD clearly parallel to the trench and changing to a more scattered, 
roughly NE-SW orientation in the back-arc region. Enderle et al. (1996) summarized the 
results from the large amount of deep seismic sounding profiles sampling southern 
Germany along different directions. They found 3-4 per cent anisotropy with FPD 
orientated N30ºE below the Moho and changing slightly with depth. The results from 
our study are well consistent with this feature. In the Northern Apennines, the FPD 
derived from SKS splitting are orientated roughly parallel to the belt, even if some 
variations can be observed between the different domains (Salimbeni et al., 2008). The 
Pn results here presented show very similar pattern, with a main NW-SE component but 
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shifting to NNE-SSW in the Adrian region and showing a large EW component beneath 
Tuscany. Large variations in the anisotropic parameters are observed in the Tyrrhenian 
Basin. While its central and southern part is dominated by a moderate, E-W orientated 
FPD, the northern edge, between Corsica and Italia, shows higher anisotropy with FPD 
orientated NE-SW to ENE-WSW. In the southern part of the Italic Peninsula, the 
observed FPD shows a clear rotation following the Calabrian Arc. The same pattern has 
been derived from SKS splitting and has been interpreted as the result of mantle flow 
around the subducting slab (Baccheschi et al., 2008). The anisotropic parameters 
obtained from Pn and SKS splitting are also very similar beneath the western Alps, with 
FPD following again the trend of the belt, from a NE-SW orientation to the North, to a 
roughly NS orientation in the southern termination of the Alps. Here again, the SKS 
results have been related to mantle flow around the subducted slab (Barruol et al., 
2011). The available anisotropic parameters retrieved from SKS splitting beneath the 
Pyrenees (Barruol et al., 1998) show a clear ESE-NWN orientation, while our results do 
not show any evidence of anisotropy, suggesting that its origin is deeper. SKS results in 
the Balearic Islands show a ESE-WNW FPD which clearly differs from the NE-SW 
oriented anisotropy appearing south of the islands in our work. This suggests again 
changes with depth of the anisotropic properties. Along the Gibraltar Arc, SKS results 
found a clear rotation of the FPD following the arc curvature, with similar strength in 
both terminations (Díaz et al., 2010). While the SKS results beneath the Betics are 
clearly consistent with the anisotropic properties inferred from Pn tomography, beneath 
northern Africa the results differ: SKS analysis shows NW-SE oriented FPD, while Pn-
derived fast directions are orientated NNE-SSW with intensity vanishing to the South. 
Beneath the Alhoceima region, at the SE termination of the Arc, SKS data changes 
abruptly from NW-SE orientation beneath western Morocco and eastern Algeria. In the 
following chapter we will focus more specifically in the Northern Moroccan area (the 
Rif Cordillera and surroundings). 
 
The overall similarity between anisotropic parameters retrieved from Pn 
tomography and from the splitting of teleseismic SKS observed beneath some orogens 
(Betics, Apennines, Alps, Dinarides-Hellenides) suggest that the anisotropy is rather 
uniform from the base of the crust to depths of about 300 km (the lower depth range 
where significant anisotropy is expected). In those cases, the anisotropic pattern may be 
explained by deformation in the subcrustal lithosphere beneath the orogens, with 
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extensions along the arc and compression orthogonal to it. Under those conditions, 
dewatering of the slab will create near solidus conditions in the mantle, hence 
explaining the low velocities observed beneath the orogenic belts. The hot temperatures 
will allow the lithospheric mantle to deform coherently, favoring the LPO and thus 
enhancing the anisotropy. Beneath some regions where an anisotropic origin related to 
mantle flow around subducted slab has been proposed (SE Alps, southern Gibraltar Arc) 
Pn and SKS anisotropic parameters clearly differ, suggesting different levels of 
anisotropy. 
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Chapter 5: 2-D velocity-depth transects from wide-
angle reflection/refraction seismic profiling  
  
5.1 Introduction 
 
In this section we present seismic crustal velocity models along two mostly-
orthogonal wide-angle seismic reflection (WA) transects crossing the Rif in the NS and 
EW directions. This geometry is aimed to acquire seismic data over the zone where a 
significant low Bouguer anomaly has been previously identified Hildenbrand et al. 
(1988). The Bouguer gravity anomaly database maintained by the International 
Gravimetric Bureau (BGI; http://bgi.omp.obs-mip.fr/data-products/Grids-and-
models/wgm2012) shows that a very prominent -150 mGal gravity low is located to the 
south of the Internal Zones of the Rif, over the External Zones and the western region of 
the Gharb foreland basin (Figure. 5.1). The gravity anomaly increases towards the 
oceanic areas, reaching maximum values of up to 250 mGal over the Atlantic and from 
50 to 150 mGal in the Alboran Basin and its transition towards the oceanic Algerian 
basin. The new seismic models derived in this Chapter from our data will be also 
converted to density and the predicted Bouguer anomaly compared with the observed 
one from BGI database.  
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Figure 5.1: Gravity anomaly contour map of the southern Iberian Peninsula and 
northern Morocco. Bouguer anomalies have been extracted from the BGI (Bureau 
Gravimétrique International, http://bgi.obs-mip.fr). The contour interval is 40 mGal. 
The black lines indicate the location of the seismic profiles. Note that the wide-angle 
transects closely follow the axes of the minimum of the Bouguer anomaly (-150 mGal) 
beneath the Rif domain. 
 
In October 2011 we acquired one 330 km-long and another 430 km-long wide-angle 
seismic reflection profiles oriented, approximately, EW and NS (Figure 5.2). The 
profile directions were designed to approximate the overall Rif strike and dip directions 
and conform to major and minor axes of the elliptical Bouguer anomaly pattern (Figure 
5.1). The EW transect extends across the Rif orogen from the Gharb Basin to the 
Algerian border. The NS line extended 70 km into the Iberian Peninsula and over 300 
km within Morocco to the Mid-Atlas, overlapping with the SIMA seismic wide-angle 
transect in the Atlas Mountains (Ayarza et al., 2014). Jointly, SIMA and the NS RIFSIS 
profile extend 700 km-long from the northern Sahara desert into southernmost Iberia. 
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The Iberian portion of the NS RIFSIS profile is not reversed as there were no source 
points in Iberia. 
 
 
Figure 5.2: Map of Southern Iberia and Northern Morocco with the location of seismic 
wide-angle profiles acquired through the RIFSIS project (in red, the digital stations; stars, 
the source points) and simplified geology of the study area. The major tectonic domains and 
boundaries are indicated. GB: Gharb Basin; GuaB: Guadalquivir Basin; GS: Gibraltar 
Strait; M: Meseta; MA: Middle Atlas; Nf: Nekkor fault; SB: Saïss Basin; T: Tell Mountain 
TASZ: Trans-Alboran Shear Zone. The dashed line represents the geometry of the Gibraltar 
Arc The inset shows location within the Euro-Mediterranean domain and includes an 
outline of the Westernmost Mediterranean Alpine Belt.  
 
Each of the 5 sources consisted of 1Tn of chemical explosives in 2 boreholes and was 
recorded by 845 digital seismographs with one-component 4.5 Hz geophones (Reftek 
RF125 IRIS-PASSCAL Texans). The average receiver spacing was 750 m. Shots R1 
through R3 where located along the NS line, and R3-R5 were along the EW line. Shot 
R3 is at the intersection of the two profiles. All shots were recorded by all the stations 
producing fan shots for 3-D control on deep structure (Carbonell et al., 2014). Up to 402 
seismographs were deployed along the EW profile and 443 along the NS profile 
including 35 in Spain. The signal-to-noise ratio in our data is within the usual range for 
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this kind of experiments, providing a reasonably good overall data quality although shot 
R1 near Gibraltar has low signal-to-noise ratio at offsets larger than 80 km. 
 
The wide-angle seismic data of the two RIFSIS profiles were processed including 
amplitude recovery, frequency filtering using a classical band-pass Butterworth filter (3-
10 Hz) and phase enhancement by a lateral phase coherency filter (Schimmel and 
Gallart, 2007). This latter procedure allows a better identification of weak seismic 
arrivals at large offsets, as it was presented previously in Chapter 3 (Figure 3.8). The 
coherency filter was especially valuable in the case of shot R1 allowing us to identify 
arrivals from 80 km to 140 km offsets. A total of 2297 picks were obtained, 1154 from 
the NS profile and 1143 from the EW. 
 
P-wave velocity-depth models were derived by forward modeling travel-times of 
diving and reflected waves using RAYINVR software (Zelt and Smith, 1992). 
Additional geological and geophysical constraints were considered in the modeling 
procedure where available. For the NS profile we start from the velocity-depth model 
presented by Ayarza et al. (2014) from the interpretation of the SIMA profile, crossing 
the Atlas and partially overlapping our profile. At the northern edge, the seismic models 
by Medialdea et al. (1986) were also taken into consideration. Different geological 
results compiled in Chalouan et al. (2008) have been used to get an initial estimation of 
the geometry and velocities in the uppermost sedimentary layers. Identified seismic 
phases (shown and labeled in the figures) follow the conventional nomenclature: Ps and 
Pg denote refractions through the sedimentary cover and the basement, respectively; 
PiP, PcP and PmP stand for P to P reflections produced at the top of the middle crust, 
top of the lower crust and Moho discontinuity, respectively; and P1, P1P identify 
refraction and reflection events on a locally limited sedimentary layer. Because the shot 
spacing is rather large, varying from about 80 to 140 km, phases from the sedimentary 
layers and the upper crust generally are not reversed, whereas the deeper phases Pg, 
PcP, and PmP generally are. Despite careful inspection and analysis of the filtered and 
unfiltered record sections, we have not found clear evidences of arrivals displaying a 
convincing lateral correlation and which could be attributed to lower crustal or Moho 
refracted phases. Hence, we have preferred to use only the well identified reflected 
phases as the observations for modeling. In the following sections we describe: 1) the 
quality of the data; 2) the parts of the models that are well constrained and 3) the travel-
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time picks and fit. Estimated uncertainties of the travel-times picks are, on average 0.05 
s for Ps, 0.1 s for Pg and between 0.1-0.2 s for reflected phases PiP, PcP and PmP. The 
derived P-wave velocity models reproduce the picked travel-time branches with a very 
good agreement. The observed travel-time misfits (usually less than 0.15 s) are 
reasonable in view of contributing factors such as the acquisition geometry, local 
oscillations on topography, outcropping lithologies, etc. 
 
5.2 Lateral variations of the structure beneath the 
External Rif domain: East-West profile from Gharb Basin 
to the Algerian border 
 
The EW profile is sampled from shot records R3, R4 and R5 (Figures 5.3, 5.4 and 
5.5). Rapid structural variations beneath the External Rif domain can be inferred from 
the deeper phases PcP and PmP recorded along this transect. 
 
Shot R3 was recorded ~50 km to the west, towards the Gharb Basin, and 280 km to 
the east, along the External Rif to the Algerian border. Two sedimentary arrivals are 
observed in the eastern section: Ps1 is the first arrival to ~15 km and Ps2, to ~30 km 
offset. A satisfactory fit in travel-times is obtained (see Figures 5.6 and 5.7) with a 
velocity gradient between 3.2 and 3.8 km/s for the first sedimentary layer, and 4.25 to 
5.2 km/s for the second. In the western part, the first arrival to 15 km offset (-15 km in 
Figure 5.3), identified as the refracted phase P1, arrives earlier than the same arrival at 
similar offsets to the east. This P1 phase, a first arrival to 40 km offset, travels in a layer 
with an average velocity of 4.8 km/s. This phase and its associated reflection P1P 
indicate that the Neogene deposits of the Gharb Basin extend to depths of 10 km. The 
Pg phase can be correlated at offsets of 30 to 80 km in the eastern part with an apparent 
velocity of 5.8 km/s, but is less visible. PiP energy is observed beyond 30 km offsets at 
reduced times of ~5 s to the east almost a 1 s delay compared to the west. Weak PcP 
arrivals are identified in the eastern section at offsets of 50-90 km, and relatively high 
amplitude PmP arrivals at offsets of 80-190 km (Figure 5.3a, b). When examined 
carefully, we identify two arrivals with different slopes. The first event at 80-130 km 
offset arrives at ~10 s reduced travel-time. We identify a second event with velocity 
greater than 8.0 km/s at 110-140 km and 13-10 s travel-times (Figure 5.3). These two 
arrivals suggest a complex Moho-topography. We have modeled the two arrivals as 
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different PmP branches resulting from a west to east shallowing of the Moho from more 
than 50 km to less than 30 km. The Moho ramp occurs over a distance of 45-50 km 
beneath the surface expression of the Nekkor fault/TASZ, at the eastern end of the 
Bouguer gravity anomaly over the Rif (Figures 5.1 and 5.7).  
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Figure 5.3: Shot R3 recorded along the EW profile with the synthetic seismograms, the ray tracing diagram and the travel-time picks considered with topography and 
geological regions on top. (a) R3 shot record, applying a reduction velocity of 6 km/s and a bandpass filter of 3-10 Hz, showing the quality of the data and the phases identified 
(see label descriptions in text) and used to build up the seismic velocity model. (b) Synthetic seismograms calculated from the final model (c) Ray tracing diagram revealing the 
extension of the interfaces constrained in the final model. (d) Fitting between travel-time picks determined from the data (in colors according to their travel paths) and the ones 
modeled (in black) by the RAYINVR package (Zelt and Smith, 1992). The vertical bars associated to the travel-time picks are indicative of the error estimates considered for 
each pick. Colors meaning: red: Ps1 phase; green: Ps2; light green: P1; dark green: P1P; dark blue: Pg; light blue: PiP; purple: PcP; orange: PmP 
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Shot R4, in the center of the EW profile (Figures 5.2 and 5.4), clearly exhibits 
extraordinary lateral differences in crustal structure beneath the Rif resulting from the 
change in lower crustal structure. Sedimentary phases are observed as first arrivals to 20 
km offsets to the west and 30 km to the east, suggesting that the sediments thin from 
east to west from 4 to 2 km thickness. As will be discussed later, this step in the 
sediment thickness is located beneath the surface expression of the Nekkor fault. The 
velocity in the sedimentary layers increases from 4.3 to 5.3 km/s. The Pg phase is 
visible to 60 km offsets at apparent velocity 5.9 km/s. A reflected event (PiP), 
appearing approximately symmetrically under the shotpoint from 20 to 100 km offset, is 
interpreted to come from the top of the middle crustal layer at ~16 km depth. To 
produce the relatively high amplitude of the PiP arrivals (Figure 5.4a, b), a marked 
velocity contrast is required, which we model as a transition from 5.9 to 6.3 km/s across 
the interface. Hence, a 10 km thick upper crust is constrained under R4 in contrast with 
values of 5 km constrained beneath shotpoint R3 (Figure 5.7). 
 
The PcP phase is only observed east of R4 (Figure 5.4), at around 5.5 s and at offsets 
of 60 km. Also to the east of R4, following the PcP phase we observe a high amplitude 
PmP phase at 6.5 s (Figure 5.4). The 1 s delay between both phases suggests the 
presence of a rather thin, ~5 km lower crust to the east of R4. To the east PmP is 
identified at offsets greater than 70 km to the eastern end of the profile, modeled as a 
reflection from a Moho at 30 km depth.  
 
The most striking feature in the R4 shot record (Figure 5.4) is the asymmetry 
observed in PmP across the record section. PmP in the west appears from -170 to -60 
km offset at reduced travel-times of 10-12 s, while in the eastern it is observed around 7 
s. For an offset of 120 km, the difference between the PmP phase arrivals at both sides 
reaches a 4 s (Figure 5.4). This difference is accommodated in the final model by a 20 
km difference in crustal thickness (Figures 5.4 and 5.7).  
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Figure 5.4: Shot R4 recorded along the EW profile with synthetic seismograms, ray tracing diagram and the travel picks considered. See caption in Figure 5.3 for details 
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Shot record R5 (Figure 5.5) reveals events from the sedimentary cover, middle crust, 
lower crust and Moho. In detail a short sedimentary phase is observed to 10 km offset, 
resulting from a thin (2-4 km) sedimentary layer with a velocity gradient of 3.0 to 3.8 
km/s (Figures 5.5 and 5.7). The Pg phase is correlated to 100 km offset with an average 
velocity of 6.0 km/s. The PcP is visible after 50 km offsets (at about 5 s reduced time at 
60 km) and the PmP after 60 km offsets, at about 2 s later on, constraining a Moho at 
the eastern end of the profile at ~29 km depth (see Figures 5.5 and 5.7). At offsets 
between 100-250 km, the observed arrivals from the deep crust are fitted in the model as 
corresponding to PcP and refracted energy within the lower crust (yellow travel-time 
picks in Figures 5.5 and 5.6). They could not been attributed to PmP to be consistent 
with the Moho location established after the PmP fitting from reverse shot R4 (Figure 
5.4). Hence, the lower crust in the east is 7-8 km thick with a velocity gradient from 
6.75 to 6.9 km/s, in strong contrast with the western part of the profile, where the lower 
crust thickness exceeds 15 km, although its top is poorly resolved from PcP phases. 
 
Pn phases that would constrain the upper mantle velocities could not be identified for 
any of the shots. This is not unusual in areas with significant lateral variations in the 
crustal thickness, a weak velocity gradient at the uppermost mantle or a smooth crust-
mantle transition. However, this latter explanation seems not well in agreement with the 
short PmP critical distances generally observed in our sections. We have fixed an 
average velocity of 8 km/s in the uppermost mantle and verified that even if this value is 
not constrained by direct Pn observations, a 2-3% modification of the velocity ratio 
between the lower crust and mantle velocities results in clear misfits between observed 
and theoretical PmP critical distances (Figure 5.6). We increased 0.2 km/s the lower 
crust velocity, increasing the velocity from 6.8 to 7.0 km/s; and decreased 0.3 km/s the 
uppermost mantle velocity, decreasing the velocity from 8.0 to 7.7 km/s. The uppermost 
mantle topography has not been changed.  
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Figure 5.5: Shot R5 recorded along the EW profile with synthetic seismograms, ray tracing diagram and the travel picks considered. See caption in Figure 5.3 for details 
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Figure 5.6: (a) Amplitude-normalized seismic section for shot R3 along the NS transect, with indication 
of the phase picking (see labels in the text), (b) synthetic seismograms calculated for the final model, and 
(c) synthetic seismograms after applying perturbations of 2-3% in the ratio between the lower crust 
velocity and the uppermost mantle velocity. Red dashed lines show the PmP critical distances 
 
In summary, in the crustal model along the EW RIFSIS transect (Figure 5.7) the 
thickness of sediments is clearly decreasing from west (Gharb Basin) to east (Algerian 
border). Near R3 up to three sedimentary layers are interpreted in contrast to only one in 
R5. Upper, middle and lower crustal levels are constrained by refracted and reflected 
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phases (Pg, PiP, PcP and PmP, respectively). The bottom of the crust is well defined 
from PmP phases, although the lack of Pn arrivals prevents to constrain upper mantle 
velocities. A major change in crustal thicknesses can be observed directly in the R4 shot 
section, which shows differences of 5 s in the PmP arrivals at offsets of 120 km. 
Forward modeling has shown that a rapid change of ~20 km in Moho depth within 50 
km horizontal distances is needed to explain these observations. The Moho in this area 
is sampled in both directions (shots R3 and R4) and hence the final model is here well 
constrained. Maximum depths around 50 km are found beneath the high topography of 
the External Rif domain, whereas a thin crust with a 29 km Moho depth is interpreted in 
the foreland and Atlasic terranes up to the Algerian border. 
 
 
Figure 5.7: Crustal velocity-depth model determined along the EW profile with a vertical exaggeration of 
2:1. The geologic domains are labeled on top of the model, and the topographic profile is sketched. Bold 
lines indicate layer segments directly sampled by seismic reflections. The vertical rectangles indicate the 
position where 1-D velocity-depth functions have been estimated, beneath the Gharb Basin (brown), the 
External Rif domain (green) and the former North African margin (blue).  
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5.3  North-South Rif Transect, from Middle Atlas 
domains to the Betics range 
 
The North-South profile crosses the Internal and External Rif domains and the 
transition to the Middle Atlas in the south and to the Betics in the north. This profile, 
extending 430 km consisted of three shots, R1-R3 (Figure 5.2). Shotpoint R3 is at the 
intersection of the NS and EW transects. Shot R1 was located 6 km south of the 
Moroccan Mediterranean coast (Figure 5.2). In Morocco all three shot records show two 
sedimentary first arrivals: Ps1 to 10-20 km offset and Ps2 to 30-40 km (Figures 5.8, 5.9 
and 5.10). North of the Gibraltar strait, the first station on the Iberian Peninsula is 
located at 35.5 km offset, and no sedimentary waves are visible on R1. From R1 
average velocities for Ps1 and Ps2 are 4.0 to 4.8 km/s with layer thicknesses of 2 and 5 
km, respectively (Figures 5.8c and 5.11). The Pg phase is visible up to offsets of 60 km 
north and south, with an average velocity of 5.8 km/s and intercept times of 4.5 to 5 s, 
probably due to the relatively thick flysch terranes around the shotpoint. The PiP phase 
can be identified from 30 to 80 km in both directions. Low amplitude arrivals 
characterize the PcP phase, identified between 70-130 km to the south and between 60-
80 km to the north. For both PiP and PcP phases, arrival times are delayed ~1 s to the 
north relative to the south one, suggesting 5-10 km thickening of the upper-middle crust 
beneath the Betics relative to the northern Rif (Figure 5.11). After applying lateral 
coherency filtering (Schimmel and Gallart, 2007), PmP can be identified at offsets 
between 50-140 km to the south and, between 60-90 km to the north. Arrival times are 
approximately the same for the same offset, indicating a rather constant Moho depth, 
~42 km, under the area sampled by R1 (Figure 5.11). 
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Figure 5.8: Shot R1 recorded along the NS profile with synthetic seismograms, ray tracing diagram and the travel picks considered. See caption in Figure 5.2 for details 
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The R2 shotpoint is located ~85 km to the south of R1 (Figure 5.2). The sedimentary 
phases, Ps1 and Ps2, have velocity values and gradients similar to those at R1. The Pg 
phase is identified to offsets of 80 km with an intercept time of 4.5 s. Intracrustal 
reflections PiP and PcP are similar to R1 (Figures 5.8 and 5.9). The PcP phase is rather 
weak to the south, in contrast to higher amplitudes to the north to 140 km offset. PmP 
has the highest amplitudes and is identified from 80-180 km offset to the south, at 
reduced times of 11-8 s. PmP is not identified to the north.   
 
R3 is located ~155 km from the R1 (Figure 5.2). As in the other shot records, Ps1 
phases are first arrivals to offsets less than 18 km and are followed by a Ps2 phase which 
shows clear differences in apparent velocities north and south (Figure 5.10). The Ps2 
phase to the north has a higher apparent velocity than the corresponding phase to the 
south, and to Ps2 on the other two shots R1 and R2. Shot R3 in the corresponding EW 
record section indicated a relatively shallow (1.8 km) sedimentary interface separating 
Ps1 and Ps2, giving rise to P1 and P1P in Figure 5.3. Although these phases are not 
easily recognized in the NS R3 record section (Figure 5.10), the marked difference 
observed in the Ps2 apparent velocities to north and south is evidence for the locally 
limited sedimentary layer from the EW profile.  
 
Pg is clear and can be identified to 90 km offset south, and 60 km offset north 
(Figure 5.10). The average apparent velocity is 5.7 km/s with rather large intercept 
times of 4.5 s north and 5 s south. This constrains the thick Neogene basin below the 
shotpoint to ~5 km depth. The PiP phase appears from 40-100 km south, and 30-100 
km north, with similar arrival times indicating that the upper crust has a near constant 
thickness on both side of shotpoint R3 (Figure 5.10). In the model (Figure 5.11) the 
basement is located at 5 km depth, while the bottom of the upper crust is reached at 15 
km. The PcP phase has been interpreted only to the south (see Figure 5.10). This phase 
is observed at offsets of 80-140 km with low amplitude arrivals at 7.5 to 8 s 
respectively. The base of the crust is constrained by the PmP phase, a relatively high 
amplitude arrival identified at times around 8 s at offsets greater than 70 km south of 
R3, and with lower amplitudes from 100-160 km to the north, at reduced time of ~9.5 s. 
The time difference in PmP arrivals is evidence of an increase in crustal thickness 
below R3, with the Moho at ~47 km depth (Figure 5.11). This is consistent with the R3 
observations along the EW profile (Figure 5.7). Additional constraints on the southern 
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part of the NS profile are provided by the SIMA project data, a similar wide-angle 
transect across the High and Middle Atlas that overlapped the NS RIFSIS transect 
(Ayarza et al., 2014). At the northern end of the profile, in the Betics domain, constraint 
on the sedimentary structure and upper crust was provided by Medialdea et al. (1986). 
 
In summary, the crustal model along the NS RIFSIS transect consists of two 
sedimentary layers with average velocities of 3.5 and 4.2 km/s inferred from the 
observed first arrivals (Ps1, Ps2 and Pg). The upper, middle and lower crusts are 
constrained by the refracted and reflected phases (Pg, PiP, PcP and PmP, respectively). 
The average velocities within the crust are 5.9, 6.2 and 6.8 km/s. As for the East-West 
profile we have assumed an 8 km/s velocity below the Moho. Crustal thickness reaches 
43 km beneath the Betics and the Internal Rif domain, while under the External Rif 
sampled area it increases to 47-49 km, with progressive thinning southward into the 
Middle Atlas where the Moho is found at 31-32 km depth, consistently with the results 
derived further South by Ayarza et al. (2014). 
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Figure 5.9: Shot R2 recorded along the NS profile with synthetic seismograms, ray tracing diagram and the travel picks considered. See caption in Figure 5.3 for details 
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Figure 5.10: Shot R3 recorded along the NS profile with synthetic seismograms, ray tracing diagram and the travel picks considered. See caption in Figure 5.3 for details 
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Figure 5.11: Crustal velocity-depth model determined along the NS profile, with a vertical exaggeration 
of 2:1. The geologic domains are labeled on top of the model, and the topographic profile is sketched. 
Bold lines indicate layer segments directly sampled by seismic reflections. The vertical rectangles 
indicate the position where 1-D velocity-depth functions have been estimated, beneath the Moroccan 
Meseta (brown), the External Rif domain (green) and the Internal Rif domain (blue).  
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5.4  Gravity control of wide-angle models 
 
The marked lateral variations in crustal thickness inferred from the seismic models 
are an outstanding structural feature that can be checked against the corresponding 
gravity signature. The gravity anomaly beneath the Rif is remarkably low, ~ -150mGal 
(Figure 5.1). These Bouguer values are of similar magnitude as those over the Betics 
and the Atlas, where gravity lows are found over significantly higher elevations. The 
Rif gravity low is an ellipse slightly shifted to the southwest of the Internal Zones, 
centered over the External Zones and the western region of the Gharb foreland basin 
(Figures 5.1 and 5.2). The latter is most likely related to the presence of a large volume 
(up to 8 km) of continental sediments in the western part of the basin (Hafid et al., 
2008).  
 
To account for lateral variations perpendicular to the strike of the profiles, gravity 
data have been averaged over a ±25 km strip of the profiles with the resulting standard 
deviation computed and displayed in Figures 5.12-5.14. The gravity models have been 
built using the geometry derived from seismic modeling. An averaged P-wave velocity 
value has been considered for each layer in the seismic model and the corresponding 
densities were calculated using the empirical relations by Brocher (2005), which applies 
to most lithologies, except mafic- and calcium rich rocks, as it was described in Chapter 
3 (Figure 3.14). Although the modeled crustal density distribution appears compatible in 
overall with the P-wave seismic velocity models, the corresponding Bouguer anomalies 
showed around 20% misfit with the observed ones along the transects (Figure 5.12). A 
significant improvement in the fitting has been reached just by keeping the layering 
geometry and considering rather small variations in the density distribution in specific 
areas, especially in the sedimentary layers (see Figures 5.13 and 5.14). 
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Figure 5.12: 2-D projection of the gravity measures extracted from the gravity anomaly map (Figure 5.1) 
along a 50 km wide strip. The vertical bars denote standard variation at each measure point, data fitting 
with 2-D gravity profile (in red) generated by density crustal model directly from the average Vp of each 
layer. (a) Crustal density model from the EW profile. (b) Crustal density model from the NS profile.  
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Figure 5.13: Crustal density model obtained by gravity forward modeling along the EW transect. (a) 2-D 
projection of the gravity measures extracted from the gravity anomaly map (Figure 5.1) along a 50 km 
wide strip. The vertical bars denote standard variation at each measure point, and the red line denote the 
data fitting with the 2-D gravity profile generated by the density crustal model; (b) distribution of the 
densities within the crust, inferred from the seismic model (Figure 5.7). Numbers are density values in 
(g/cm3). The geometry for the crustal bodies has been kept and the density structure has been slightly 
modified to improve the fitting. 
 
Part II: Results and discussions  Chapter 5: Seismic reflection/refraction WA 
98 
 
 
Figure 5.14: Crustal density model obtained by gravity forward modeling along the NS transect. (a) 2-D 
projection of the gravity measures extracted from the gravity anomaly map (Figure 5.1) along a 50 km 
wide strip. The vertical bars denote standard variation at each measure point, and the red line denote the 
data fitting with the 2-D gravity profile generated by the density crustal model; (b) distribution of the 
densities within the crust, inferred from the seismic model (Figure 5.11). Numbers are density values in 
(g/cm3). The geometry for the crustal bodies has been kept and the density structure has been slightly 
modified to improve the fitting. 
 
For both transects (Figures 5.13 and 5.14) the calculated gravity values lie very close 
to average measurements and well within the standard deviation of the projected gravity 
estimates. Particular attention has been taken in the segments directly sampled by 
seismic reflections (thick black and white lines in Figures 5.7 and 5.11) where we have 
kept the exact geometry as obtained from the velocity model. In all cases the preferred 
option has been to slightly change the density profile of the crustal layers instead of 
modifying their geometry. Accordingly, the NS profile (Figure 5.11) displays lateral 
density variations at crustal levels from north to south. Densities slightly lower than 
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expected are inferred in the northern segment (from 0 to 140 km), in particular in the 
lower crust. 
 
5.5 Discussion  
 
The seismic refraction/wide-angle reflection experiment presented in this P-wave 
study provides the previously poorly known first order crustal structure of the Rif 
Mountains in northern Morocco. Crustal interface structure, particularly that of the 
sedimentary basins and the Moho (Figures 5.7 and 5.11) need to be taken into 
consideration in any geodynamic model attempting to address the complex tectonic 
evolution of the Gibraltar Arc System.  
 
The western end of the EW profile, sampling the Gharb Basin, shows a thick 
sedimentary cover reaching 10 km. At the transition between the External Rif domain 
and the Gharb Basin the observation of a fast sedimentary layer westward of shot R3, 
altogether with the significant change in the total sedimentary thickness, is interpreted 
as being the deep expression of fold-and-thrust belt, which will reach at least depths 
around 10 km. This is consistent with previous geological results showing the presence 
of those structures at an analogue area between the Saïss Basin and the External Rif 
(Bargach et al., 2004; Chalouan et al., 2006). Further east, the sedimentary cover thins 
in a progressive manner to about 2 km near the point at which the Moho is deepest at 
~53 km, increases abruptly to 4 km beneath shot R4 and remain 1-3 km thick up to the 
Algerian border.  
 
From the western end of the profile, the Moho deepens rather smoothly eastward to 
model coordinate 145 km, where it thins abruptly from 53 km to less than 30 km by 190 
km. That is, it decreases around 23 km in thickness over a distance of 40 km. This large 
and unexpected variation in crustal thickness takes place under the External Rif domain. 
Farther east, the crustal thickness between model points 190-330 km remains constant, 
at ~29 km.  
 
The abrupt change in crustal thickness between 145 and 190 km suggests a tectonic 
boundary separating two different crustal types, which we attribute to juxtaposition of 
crustal blocks along the seismically active left-lateral Nekkor strike-slip fault, the 
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onshore continuation of the TASZ. The low shot density and the obliqueness of the 
profile across the shear zone limits our ability to resolve vertical features. However, a 2 
km step in the sedimentary thickness, passing from 4 km eastward of the fault to 2 km 
westward, has been documented. The Nekkor fault has been active from the late 
Miocene (Chalouan et al., 2006) and has been linked to the normal faults beneath the 
Alhoceima region (Booth-Rea et al., 2012). This region has large seismic activity in the 
upper crust, but also moderate seismicity at depths reaching 40 km depth (El Moudnib 
et al., submitted in Tectonophysics 2014), hence suggesting that the Nekkor fault 
penetrates through the entire crust. The abrupt change in the Moho depth beneath this 
area depicted by our models strongly supports this hypothesis.  
 
The density model along the EW transect is compatible with the gravity data. 
Relatively high velocities and densities characterize the root zone. The high PmP 
amplitudes under the root suggest that the Moho is a relatively sharp impedance 
contrast, as smooth transition will result in changes in the critical distance inconsistent 
with the data. The lower crust velocities in the southernmost part of the profile are 
around 6.6 km/s, while beneath the Rif they reach values of 6.8 km/s. This suggests an 
increase in metamorphic grade of the rocks in the root beneath the Rif. At this point it is 
difficult to assess the increase of this metamorphic degree, as it could be characteristic 
of the lower crustal rocks of the Rif’s crustal domain or it could result from the 
increased pressures in the crustal root. 
 
Our velocity-depth model evidences a significant mismatch between surface 
topography and Moho geometry, as the major topographic elevations reaching 1700 
meters, are found around shotpoint R4, coinciding not with the crustal root but with the 
steep thinning Moho ramp. This effect has previously been observed in active orogens 
as the Carpathians or the Caucasus and can be explained by an elastic effect, even if 
other hypothesis, as the presence of mantle mechanisms that contribute to sustain 
present-day topography cannot be discarded. 
 
Along the NS crustal model the Moho shows also relatively large variations in depth. 
In the Middle Atlas the Moho is constrained from SIMA wide-angle seismic reflection 
data (Ayarza et al., 2014) and reaches values a little over 40 km depth (Figure 5.11). 
The low-density lower crust inferred from the seismic model in this area suggests a 
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mantle contribution to sustain topography. Northward, the Moho shallows to 32 km 
beneath the northern Meseta and the southern part of the External Rif, then thickens 
again from model coordinate 140 to 50 km depth at model point 210 km forming the 
root beneath the northern External Zone of the Rif. 
 
Hence, the most conspicuous structural feature, well constrained from both profiles, 
is the presence of a 47-53 km thick crust below the External Rif domain, which 
conforms well to the overall gravity pattern. Moreover, clear lateral variations are 
observed, particularly a thinning of the crust by ~20 km east of the Nekkor fault. A 
similar crustal pattern was suggested in recent receiver functions analyses from Topo-
Iberia and PICASSO passive seismic surveys (Mancilla et al., 2012; Thurner et al., 
2014), as well as in the velocity anomaly variations inferred from local earthquake 
tomography and ambient noise datasets (El Moudnib et al., submitted in Tectonophysics 
2014). GPS observations show that the Rif block is moving S to SW relative to Nubia, 
with an eastward termination roughly coincident with the Nekkor fault (Kuolali et al., 
2011). At the lithospheric scale other datasets such as SKS splitting (Díaz and Gallart, 
2014) and surface wave and teleseismic body wave tomography (Bezada et al., 2013; 
Palomeras et al., 2014) also show first order discontinuities below this area. Our results 
are not consistent with the Moho depth values of 32-36 km previously estimated from 
heat flow data (Soto et al., 2008) or from combining elevation, geoid, gravity and 
petrological constrains (Fullea et al., 2010, 2014).  
 
We emphasized that the Moho depths of ~50 km found below the External Rif 
domain are significantly greater than those below the Middle or High Atlas and most of 
the Betic Range (Ayarza et al., 2014; Thurner et al., 2014). This increase in crustal 
thicknesses is accommodated at middle and lower crust levels, while the upper crust has 
a homogenous thickness of 12-15 km. Our profiles do not provide enough control to 
discern between a middle or lower crustal thickening (see Figures 5.5 and 5.9). Another 
highlight of these profiles is the existence of a fast sedimentary layer beneath shotpoint 
R3, the fast layer of 4.8 km/s and double thickness of sediments, is likely due to a 
thrusting, which can be associated to a thrust front and fold axes, similar to what is 
described by Bargach et al. (2004) and Chalouan et al. (2006) in the Prerif area. 
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The complex crustal structure of the Rif domains is a consequence of the Miocene 
collision between the Iberian and Africa plates combined with the westward rollback of 
the Neo-Tethys slab. The crustal thinning observed east of the Nekkor fault may be 
associated with the Neo-Tethys passive margin, the result of Mesozoic rifting (Gomez 
et al., 2000; Tesón, 2009). The crustal thickening under the External Rif can be 
attributed to slab pull from the downgoing Alboran slab under the Gibraltar Arc System 
which is imaged in a variety of tomographic images (Spakman and Wortel, 2004; 
Garcia-Castellanos and Villaseñor, 2011, Bezada et al., 2013; Palomeras et al., 2014). 
However, these interpretations remain open questions to be developed in further 
investigations. 
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Chapter 6: Mapping the Moho beneath the Rif 
Cordillera from off-line wide-angle reflections 
 
 
6.1 Introduction 
 
In this chapter, we present complementary results of crustal depth investigations 
beneath the Rif Cordillera arising from the interpretation of active seismic profiles. 
Here, we investigate the information provided by the offline time arrivals recorded 
during the RIFSIS experiment as well as data from the GASSIS WestMed campaign. 
The latter project (Gracia et al., 2012) focused on the acquisition of multichannel 
reflection seismic profiles across the Alboran Sea, using air-gun shots every 50 m by the 
Spanish vessel Sarmiento de Gamboa. Figure 6.1 shows the three profiles considered in 
this work, labeled Prof. 21, Prof. 19 and Prof. 17. Here we only considered signals from 
on land stations in Northern Morocco, allowing the investigation mainly of the offshore-
onshore transition.  
 
Figure 6.1 compiles, on top of the Bouguer anomaly map, the two wide-angle 
seismic reflections experiments carried out simultaneously in October 2011, the RIFSIS 
and the GASSIS-WestMed projects (Gil et al., 2014; Gracia et al., 2012). Observe how 
the Profiles 21 and 19 are sampling the limits of the lowest Bouguer anomaly (~-150 
mGal) to the north and the east, respectively. Profile 21 has a NE-SW orientation, 
crossing the Beni-Boussera peridotites (~50 mGal) and passing through the Internal and 
External Zones and the Gharb Basin. Profile 17 was located at the very end of the low 
Bouguer anomaly, in the boundary between -50 mGal and 0 mGal and, like Profile 19, 
it crosses the Nekkor fault (Figure 6.1). As previously mentioned, the RIFSIS profiles 
were deployed following the axes pattern of the low Bouguer anomaly (Figure 5.1). 
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Figure 6.1: Bouguer anomaly map with the representation of the geometry of the wide-angle 
seismic reflection experiments. Shot point locations are indicated by yellow stars. The red dots 
indicate the location of the seismic recorders, and the black lines show the contributing GASSIS-
WestMed offshore profiles labeled as Prof. 21, Prof. 19 and Prof, 17.  
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6.2. Low-fold wide-angle stacks and offline PmP 
measurements 
 
The deployment logistics during the RIFSIS project allowed that all the stations 
recorded all shots, not just the shots aligned with the two profiles (see Figure 6.2). 
Hence, the stations forming the NS profile recorded shots R4 and R5. Similarly, the 
stations of the EW profile recorded R1 and R2. From these profiles we can obtain a 
deep crustal image in-between the profile and the shot, as it is represented in Figure 6.2 
(white dots). We considered these offline records as pseudo-profiles, and added 01 or 02 
to indicate their proximity to the main profile (in Figure 6.2 EW00 strands for the EW 
wide-angle profile, EW01 for the R2 records, EW02 for the R1 records, and NS00 for 
the NS wide-angle profile, NS01 for R4 records and EW02 for R5 records). Moreover, 
all shots R1 to R5 were recorded also in all the stations deployed in land with the main 
purpose of recording the air-gun shots of marine profiles 17, 19 and 21 (Figure 6.2b), 
therefore providing additional, shorter length pseudo-profiles. 
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a) 
 
b) 
 
Figure 6.2: a) Geometry of the RIFSIS wide-angle seismic reflection experiments overprinting the 
geologic map. Shot point locations are indicated by yellow stars. Red dots indicate the location of the 
seismic recorders while white dots indicate the CMP (Common Mid Points) used for the low-fold wide-
angle seismic stacks. b) Includes contribution of the R1-R5 recordings at the three land segments 
deployed to record marine profiles of GASSIS experiment 
 
Here, we will consider firstly a complementary approach to the interpretation of the 
RIFSIS profiles (see Chapter 5), in terms of multichannel imaging to emphasize the 
deep reflectivity. The application of a hyperbolic move-out to PmP phases and the 
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building up of CMP (Common Mid-Point) images of normal incidence data sets will 
provide low-fold wide-angle stacks along the two profiles as well as a 2-D 
approximation to the lateral extent of the Moho in zones outside the wide-angle profiles 
(Figures 6.3-6.5). 
 
The obtained images provide another view of the increase in crustal thickness 
beneath the external Rif domain, and document genetic differences in the crust across 
the different domains (Internal and External Rif domains).  
 
The results arising from the investigation of those offline data will be merged with 
the models resulting from ray-tracing modeling of the land and the onshore-offshore 
profiles to provide a global 2-D map of the crustal thickness in northern Morocco. 
 
6.2.1 Data processing 
 
As a first approach, conventional seismic processing was considered for all data 
sets, including the onshore-offshore recordings and the RIFSIS shot-gathers. Several 
steps have been applied to increase the signal-to-noise ratio (SNR), including band pass 
frequency filtering, spherical divergence amplitude corrections, spectral whitening 
(spectral balancing), and amplitude gain (trace balancing). Even if the shot records have 
relatively large offsets, they have been processed to obtain low-fold wide-angle seismic 
stacks. Following Carbonell et al. (2002), a hyperbolic time reduction has been applied 
to the data, resulting in stacks in which the reflections from the Moho are expected to 
appear as sub-horizontal lines. In Figure 6.3 we present a low-fold stack from the EW 
wide-angle profile dataset which illustrates the main idea of the event descriptions that 
will be presented in the following section (6.2.2) for profiles EW01 and NS01. 
Unfortunately, profiles EW02 and NS02 (see Figure 6.2) are not useful in view of their 
low resolution, due to the far-offsets of the stations from shots R1 and R5 (Figures 6.4a 
and 6.5b; respectively), too large to record visible PmP phases. 
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Figure 6.3: From top to bottom: topography along the EW profile, shot-gathers R5, R4 and R3 and 
corresponding stack. The shot-gathers are displayed in the CDP domain after applying a hyperbolic time 
shift. Data presented using a hyperbolic time reduction 𝑡𝑟 = �𝑡 − �𝑡2 − 𝑥2 𝑣2⁄ � with Vp=6.2 km/s. 
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Figure 6.4: Low-fold wide-angle stack of the offline shots (a) R1 and (b) R2 recorded along EW profile (called EW02 and 
EW01 in Figure 6.2). The topography along the low-fold stack profiles is plotted on top of each stack. PmP phases are 
identified on the latter section by red dashed lines. 
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Figure 6.5: Low-fold wide-angle stack of the offline shots (a) R4 and (b) R5 recorded along the NS profile (called NS01 and 
NS02 in Figure 6.2). The topography along the low-fold stack profiles is plotted on top of each stack. PmP phases are 
identified on the former section by red dashed lines. 
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A second, complementary approach arises from the identification and reading of 
the arrivals corresponding to PmP phases in the ‘classical’ offline record sections of the 
land shots recorded on the RIFSIS and GASSIS stations deployed. Figures 6.6 and 6.7 
illustrate for the latter data the approach followed here. The time-arrivals interpreted to 
correspond to PmP phases are read from the fan record sections. Assuming a uniform 
crust with a mean velocity of 6.2 km/s, the depth of the reflection point is calculated. 
This value is then assigned to the midpoint between the shot and the receiver positions 
(white dots in Figure 6.2). These assumptions imply that large errors can arise in case of 
heterogeneities, but we will show that this method nonetheless provides significant 
results in this region. The fan shot gathers may not always display such prominent PmP 
arrivals as the ones observed in the in-line transects. Even so, some relatively high 
amplitudes corresponding to the PmP reflector can be identified and interpreted (see red 
dashed picks in Figure 6.6). 
 
As mentioned previously, the crust beneath the Alboran Sea was also targeted by 
the independent GASISS WestMed project coincident in time with the acquisition of the 
RIFSIS profiles. An additional logistic effort was made to use some of the seismic 
instruments for the recording of onshore-offshore profiles using the air-gun source 
operated by the Sarmiento de Gamboa vessel. Even though this source was not 
optimized for wide-angle purposes, we were able to obtain valuable record sections 
allowing a conventional ray tracing analysis. The complexity of the area difficult the 
detailed interpretation, but preliminary models have been presented by Cembroski 
(2012) and Cembroski et al. (2013). Here, we have only focused in obtaining the depths 
attributed to the Moho interface around the onshore-offshore transition of GASSIS 
profiles 17, 19 and 21 (see location in map Figure 6.1). As a complementary example, 
we present in Figure 6.7 the wide-angle stack for shot R5 recorded at the inland stations 
prolonging Profile 17. 
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Figure 6.6: Examples of PmP pickings of RIFSIS shots recorded on the complementary ‘GASSIS’ profiles. Left panel: Shot R3 recorded at line 5000 (Profile 17 
stations inland). Distance ranges: 164-167 km. Right panel: Shot R4 recorded at line 3000 (Profile 21 onshore stations). Distance ranges: 120-170 km. Times are 
reduced using Vp=6.0 km/s 
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Figure 6.7: Example of the low-fold seismic stack of line 5000 that recorded shot R5 on 
a distance range between 164 and 167 km. On top of the seismic stack is represented the 
topography along the profile, and at the right the profile and shot locations. 
 
 
6.2.2 Data interpretation 
 
 
To facilitate the data analysis, we will follow the same organization as in the 
previous chapter. Therefore, firstly we describe the data from the EW profiles, followed 
by the profiles with NS orientation. Finally, we will look at the ‘onshore’ profiles, from 
west to east (Profiles 21, 19, and 17; see Figures 6.1 and 6.2 for locations). In the 
discussion section we will follow the same organization as in this section. 
 
East-West sections 
In the following we describe the data presented in Figure 6.3. Shot R5 images 
strong reflectivity in the Moho discontinuity (starting at ~10 s TWTT) between CDPs 
10800 and 11200, in contrast with almost no energy visible in the farther part (until 
CDP 10600). In shot R4 the Moho is imaged as a strong reflector to the west of the 
shotpoint, at about 15-16 s TWTT, from CDP 10650 to 10350. East of point R4, after 
CDP 10800, the PmP phase is recognized at 10 s TWTT. Finally, shot R3 images strong 
Moho reflectivity (15 to 13.5 s TWTT) from CDPs 10350 until 10600, then loosing 
energy rapidly.  
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From the stacked image in Figure 6.3, we can observe a flat Moho reflector around 
45 km depth between shot-points R3 and R4, as reported in Chapter 5 from 
conventional ray-tracing interpretation. The section between CDPs 10660 to 10800, in 
the area beneath shot-point R4, does not provide evidence of the Moho, which can be 
explained by the existence of a steep ramp at Moho level imaged in ray tracing 
modelling (Chapter 5), an structure which can hardly be solved by the CDP technique 
that works best for quasi flat reflectors. Eastwards of shot-point R4, after CDP 10800 
until shot-point R5, the PmP phase is again observed almost flat, varying from 33 km to 
30 km along the eastern half of the profile.  
 
Figure 6.4(b) represents the EW01 pseudo-profile, which lays in-between shot-
points R3 and R2 (see Figure 6.2). This section evidences large variations in the Moho 
depth. Its eastern termination depicts a Moho located at around 35 km. Further west, the 
Moho depth increases progressively until at least 50 km beneath CDP 30375, and then 
smoothly decreasing throughout the western half of the section, to reach 43 km at its 
western end. Note that in the western half of this section, a secondary arrival is 
consistently observed at 10 s TWTT, i.e. around 30 km depth. Taking into account the 
recording offsets for these stations, ranging from 70 to 135 km, and the phases observed 
in the record sections along the E-W profile, we  interpret these early arrivals as an 
intra-crustal phase associated with the top of the lower crust (PcP phase).  
 
North-South sections 
The stacked image of NS profile that we present directly in Figure 6.8 (only the 
Moroccan part has been processed) shows continuous Moho reflectivity along most of 
the section, except in the area below shot-point R2. In the first 100 km from the south 
(CDPs 100-300) the Moho depth slightly decreases, from ~13 to 11 s TWTT (around 40 
to 35 km). Between CDPs 300-650 the reflectivity becomes weaker but still continuous, 
and the Moho progressively increases from 11 to 15 s TWTT (around 45 km depth). 
The crustal bottom reflectivity is very weak in the area marked by CDPs 650-850. 
Farther north, between CDPs 850 to 1100 we observe again medium to weak 
reflectivity at 14 s TWTT (around 43 km depth)  
 
Chapter 6: Mapping the Moho beneath the Rif Cordillera from off-line wide-angle reflections 
 
115 
 
 
Figure 6.8: Low-fold stack image along the NS profile. PmP phases appear as horizontal lines (red 
dashed line) 
 
The north-south section constructed from the records along the NS profile of the 
shot R4 (which is shifted to the east of the line) is shown in Figure 6.5(a). The sample 
area is depicted in Figure 6.2 as NS01. As in the previous case for the shifted EW02 
section (Fig. 6.4b), significant differences in the time arrivals of the PmP phases can be 
observed. In the southern part of the section, the arrivals can be interpreted as generated 
by a Moho located slightly above 40 km. Northward, the Moho position deepens to 
reach a value exceeding 50 km at the junction with the previously discussed EW01 
pseudo-profile. Further north, the signal becomes weaker, but still depicts a crust that 
thins quickly to reach values not exceeding 35 km. Those large variations are consistent 
with the ray-tracing models presented in the previous section along the NS and EW 
RIFSIS profiles (compiled now in Figure 6.9a), which revealed a large Moho step and 
an area of crustal thickening in both directions, largely coincident with the Bouguer 
gravity anomaly (Fig. 6.1). The EW RIFSIS profile (Figs. 6.3 and 6.9) shows a thin 
crust beneath north-east Morocco, with thicknesses close to 30 km which increase 
further to the west reaching depths around 50 km. The EW01 pseudo-profile presented 
here is located about 30 km north and shows similar results, taking into account the 
uncertainties of the method. 
 
RIFSIS shots recorded on deployments for GASSIS-WestMed profiles 
Data from the PmP phases along Profile 21 provide clear evidence of a deep Moho 
beneath the coastline, with depths exceeding 55 km (Figure 6.6a). We observe the PmP 
arrivals at 4.5 and 6 s for offsets of 140 and 152 km, respectively. On the contrary, the 
NW-SE oriented profiles 17 and 19 show a Moho deepening smoothly beneath the 
coastline to depths of about 17 and 20 km (Figure 6.6b), where we observe the PmP 
arrivals at 3-3.5 s for offsets of 164 to 167 km.  
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All the Moho depth estimations from this second type of approach, based on direct 
travel-time PmP pickings, have been integrated into a grid file using a classical “nearest 
neighbor” gridding algorithm with a small radius to avoid unnecessary extrapolations 
(Figure 6-9b). Additionally, we have also included in our database the main results 
derived from an unpublished wide-angle profile from WestMed project (Galvé et al., 
2007) running north-south at about Melilla-Nador longitude; in this case the Moho dips 
gently from about 28 km inland to values reaching 18 km below the center of the 
Alboran Sea. 
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Figure 6.9: (a) data from ray-tracing modeling of the main wide-angle profiles, observed from the north-east, presented in the previous chapter and in Gil et al. (2014); and 
(b) Moho depths inferred from direct PmP pickings of the different wide-angle datasets. Numbers show Moho depths at the mid-points where a measurement is available. 
Color grid interpolates between those points using a nearest-neighbor algorithm. 
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6.3  Discussion 
 
 The Moho discontinuity is clearly imaged in the shot-gather stacks along the EW 
profile (Figure 6.3) and the NS profile (Figure 6.8), as well as in the low-fold stack 
images of pseudo-profiles EW01 and NS01 (Figures 6.4b and 6.5a). In the EW stack 
section the Moho is imaged with high energy in most areas of the profile, except at the 
easternmost end and beneath shot-points R3 and R4 where the reflectivity is weaker due 
to the lower coverage there. A marked change in the reflectivity depth pattern along the 
EW profile is evidenced, which indicates heterogeneity in the deeper part of the crust 
and mantle transition (see Figure 6.9a). The Moho discontinuity is observed around 15 s 
TWTT at the western part of the section (~47 km depth), and thins abruptly to the 
eastern half, where it is reached at 10 s TWTT. This variation in time arrivals is well 
compatible with the structure previously constrained by the forward modeling (Figure 
6.9 and Figure 5.11 in Chapter 5). 
 
Concerning the pseudo-profiles, section EW01 (Figures 6.4b) shows similar 
characteristics as the shot-gathers and stack presented in Figure 6.3. Both evidence high 
energy Moho reflections associated to the Moho. The EW01 pseudo-profile shows that 
the Moho is thickening from west to east, reaching ~17 s TWTT (around 53 km depth) 
at CDP 30380 and then abruptly thinning by about 20 km, in less than 50 km lateral 
distance. The Moho is observed then around 10-12 s TWTT up to the eastern end of the 
section. Therefore, an interesting, unexpected result arising from the image of this EW 
pseudo-profile is that the crust appears to be even a few km thicker northwards of main 
EW profile, in the area between shot-points R3 and R4. Both EW sections show a 
marked crustal thinning in their eastern part that samples the North African margin. 
Therefore, the crust eastward of the Nekkor fault zone seems to have a different 
architecture than the crust below the central external Rif domain. This is supported also 
by the velocity-depth pattern from ray-tracing modeling presented in Chapter 5 (Figure 
6.9a). It is interesting to observe that the area with stronger Moho reflectivity is 
coincident with the map of absolute shear velocity at 35 km depths presented by 
Palomeras et al. (2014) and with the crustal discontinuity map generated from receiver 
functions (Thurner et al., 2014). This area coincides also with the region where the slab 
is attached to the Rif Cordillera as suggested by recent GPS, teleseismic body-wave and 
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surface-wave tomographies (Pérouse et al., 2010; Bezada et al., 2013 and Palomeras et 
al., 2014, respectively). 
 
In the NS stack section (Figure 6.8) the Moho is imaged with high energy at the 
beginning of the profile (from CDPs 100 to 350) reaching depths of 40 to 35 km below 
the Middle Atlas and the Moroccan Meseta, respectively. Northward, the Moho deepens 
and reaches ~46 km, then becoming a flat, weak reflector across almost 100 km below 
the External Rif domain between shots R3 and R2 (see Figures 6.8 and 6.9). At the 
northern part of the section the Moho is imaged as a flat reflector of weak reflectivity at 
~43 km depth. The differences of reflected energy along the NS profile presented in 
Figure 6.8 evidence high crustal heterogeneity, which can be understood as the traverse 
across three different domains (from south to north: the Middle Atlas, Moroccan Meseta 
and the Rif domains). Nevertheless, the EW profile (Figure 6.3), where it crosses the 
Rif domain, does not present these changes in reflectivity patterns, while across the 
North African Margin, we observe a decrease in signal amplitude. 
 
The Moho reflectivity imaged by the NS01 pseudo-profile (Figure 6.5a) is stronger 
and more continuous than in the main NS section (Figure 6.8), although the observed 
Moho geometry is similar in both cases. In the stacked image presented in Figure 6.5(a), 
the Moho reaches 43-44 km depths along the first 250 CDPs, from this point it then 
deepens by around 10 km, reaching 50 km depths between CDPs 40350 and 40450. A 
rather abrupt thinning is observed further north, where Moho reaches 40 km depth. As 
mentioned before, one of the interesting features of the NS and NS01 profiles (Figures 
6.8 and 6.5a, respectively) is the marked difference in Moho reflectivity between them. 
In Figure 6.5(a) the Moho is as a strong reflector between the 40100 to 40450 CDPs, 
while along the stacked profile presented in Figure 6.8 it is only strong at the 
southernmost part of the profile (the first 250 CDPs), then becomes much weaker. 
Taking into account that both sections are sampling similar geological domains, the 
reflectivity differences evidenced should be attributed either to differences in the 
efficiency of energy propagation at the vicinity of the shot-points, or to crustal 
differences in seismic attenuation along travel paths mainly in the NS or in the EW 
directions (or a combination of both effects). Investigation of crustal attenuation 
properties is out of the scope of this PhD work, but could be a relevant target for future 
studies. 
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The complementary data obtained from the GASSIS-WestMed stations, show a flat 
crust around 30 km deep in the eastern part of our study area (Figure 6.7), similar to the 
depths inferred from the PmP arrivals, observed at around 3-4s reduced time in the 
record section of this fan-like profile (Figure 6.6a). These results suggest that the crustal 
thickness to the east of the Rif domain limit (Nekkor fault) is almost flat and does not 
reach thicknesses more than 30 km. In contrast, the fan-like section from shot R4 
recorded along Profile 21 (or line 3000; Figure 6.6b) shows remarkable strong 
variations in the PmP arrival times, hence in crustal thickness. PmP arrivals are 
identified at about 2 s reduced times in station nº 3011, at 135 km offset from shot-
point, then travel times increase even though offsets also increase (3 to 4 s at 135-140 
km offsets), reaching farther north (stations nº 3020-3022) unusual values of 7 s at 
about 145 km offset. This corresponds to crustal depths of 50-55 km at midpoints 
located right beneath the shoreline, in the area where Beni-Bousera peridotites outcrop, 
and even reaching 10-15 km offshore. Additional constraints from the onshore-offshore 
recordings (Cembrowski et al., 2013) show that farther offshore in the Alboran Sea, a 
thin crust of 18-20 km depth is present. Hence, the combination of different wide-angle 
data sets available suggest a complex crustal architecture in this area, with a Moho 
thickening seawards and probably under-crusting the Alboran Sea crust. 
 
The Moho map resulting from the 2-D analysis of PmP phases is presented at 
Figure 6.9(b). It allows identifying the geometry of the crustal root, which is not limited 
to the central Rif zone, as determined in Chapter 5 (Figure 6.9a), but extends 
northwards until the coastline in a limited region. Observe that the crustal thicknesses 
below Beni-Boussera are around 50-55 km depth (Figure 6.9), while in the Bouguer 
anomaly map they are associated to 20-25 mGal (Figure 6.1). These deep Moho values 
are similar to those inferred below the Central part of the external Rif domain, about 60-
70 km to the SE of Beni-Boussera. However, if we observe the Bouguer anomaly map 
(Figure 6.1), the Central Rif domain has a low Bouguer anomaly assigned (~-150 
mGal); which is significantly lower than the one observed in the northeastern coast, 
near the peridotites (Figures 6.1 and 6.2). This low value of the anomaly observed is 
most probably due to the shallow location of peridotitic bodies, not deeper than 10 km 
(Chalouan et al., 2008; Azdimousa et al., 2013; Romagny et al., 2014). Moreover, the 
Ronda peridotites, which are located on the southern east Iberian coast, are identified by 
Part II: Results and discussions Chapter 6: Moho-mapping from low-fold seismic WA 
121 
 
a Bouguer anomaly of 80-100 mGal (see Figure 6.1; Torne et al., 1992). However, both 
are arranged on top of the Sebtides and Malaguides zones, respectively (see Vergés and 
Fernàndez, 2012). We might assume that the difference in the Bouguer anomaly is 
associated with the geometry of the mineral deposits (Précigout et al., 2013; Romagny 
et al., 2014). That is, Ronda signature may reach between 85 and 140 km depths 
(Vergés and Fernàndez, 2012), while the Beni-Boussera one may be limited to around 
10 km depth (Azdimousa et al., 2013; Romagny et al., 2014). In contrast, if we look at 
the recent teleseismic body-wave and surface-wave tomographic models, both 
reproduce the shape of a slab connected beneath the Rif and Betics ranges (Bezada et 
al., 2013; Palomeras et al., 2014). On the other hand, our results are compatible with the 
lateral tear slab first described by Spakman and Wortel (2004) (see Vergés and 
Fernàndez, 2012; van Hinsbergen et al., 2014). We suggest that the rather low Bouguer 
anomaly in the Beni-Boussera peridotites may be the result of the combined effects of 
the small dimensions of the peridotites and their shallow location (Romagny et al., 
2014), together with the presence of a rather thick crust beneath them (around 55 km; 
Figures 6.1 and 6.9b). 
 
The results presented here, derived from 2-D analysis of wide-angle surveys, also 
confirm the progressive thinning to the east already described (Chapter 5) and the 
previous RF results from Mancilla et al. (2012) and Thurner et al. (2014). The 
difference between the Moho-depth map presented here and the one previously 
presented by Mancilla et al. (2012), is that in the latter the thicker crust is limited to the 
central part of the external Rif domain, while our data suggest that the thickest crust 
encompasses a larger area in Rif domains. Our Moho map seems more compatible with 
the images presented by Thurner et al. (2014), even if our crustal thicknesses are larger 
than the Moho depths they suggest.  
 
Moreover, our Moho-depth map seems to agree with geodynamical models of the 
Gibraltar Arc presented by Bezada et al. (2013) and Spakman and Wortel (2004). Both 
explain that the length of the slab is consistent with the Africa-Iberian plate 
convergence history. The recent tectonic reconstruction from van Hinsbergen et al. 
(2014) also suggests that the slab rollback in the western Mediterranean was affected by 
the Africa-Iberia convergences, causing a contractional deformation farther to the west, 
as shown in the Chertova et al. (2014) 3-dimensional models. Consequently, in the 
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Moho-depth mapping presented here, we consider the crustal signature as the 
consequence of the Miocene collision between the Iberian and Africa plates combined 
with the westward rollback of the Neo-Tethys slab (Vergés and Fernàndez, 2012; 
Chertova et al., 2014; van Hinsbergen et al., 2014). We associate the crustal thinning 
observed eastward of the Nekkor fault to the Neo-Tethys passive margin (see Figure 
6.9), as a consequence of Mesozoic rifting (Gomez et al., 2000; Tesón, 2009).  
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Chapter 7: Moho-depth constraints from receiver 
functions (Topo-Iberia and Picasso networks) 
 
7.1 Introduction 
 
In order to infer additional constraints on the crustal thickness knowledge of 
northern Morocco we decided to investigate this issue using a completely independent 
dataset and methodology. We based our work in the well-known receiver function (RF) 
method for the analysis of teleseismic seismicity. We profit from the data gathered by 
the Topo-Iberia and PICASSO (iberarray.ictja.csic.es, www.iris.edu/PICASSOproject), 
two large-scale multidisciplinary research initiatives to investigate Earth’s structure and 
dynamics in Spain and northern Morocco carried on during the last years. As part of the 
Topo-Iberia project, 20 stations were deployed over northern Morocco forming a 
regular, 60x60 km spaced grid. In the framework of PICASSO projects over 40 broad-
band stations were deployed, most of them along N-S profile reaching the Sahara 
Craton. Around 25 of those PICASSO stations were installed in Rif domains and NE 
Morocco. Additionally, 13 of the TopoIberia stations were redeployed over northern 
Morocco in late 2013, supported by the RIFSIS project, to densify the zones where 
anomalous features were suspected from the so-far available results.  
 
Even if previous works dealing with receiver functions (RF) on this area have 
already been published, we benefit here from a more extended database. Most of the 
TopoI-beria stations have been active till 2013 and hence provided additional data to 
those analyzed in the Mancilla et al. (2010) paper. Thurner et al. (2014) presented their 
results in terms of migrated record sections, but did not analyze the crustal depth 
beneath each particular station. Additionally, the Topo-Iberia stations redeployed over 
northern Morocco have not been analyzed so far. Although the number of valid 
measurements is limited due to the short time deployment (about 6 months), their 
results allow to better constrain the final image. 
 
The good regional coverage and fairly dense station spacing (~60 km for Topo-
Iberia stations, and ~30 km for Picasso stations) permits interpolating single station 
measurements into a continuous map of crustal thickness for the entire study area. The 
compilation of all the available data has greatly improved the Moho depth estimations 
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based on teleseismic data over the area, allowing their comparison with analogous 
results arising from wide-angle profiling previously discussed in this thesis.   
 
 
Figure 7.1: Geologic map of northern Morocco, including the different stations analyzed here; the 
triangle colors: blue for the original Topo-Iberia stations; black for redeployed Topo-Iberia stations; red 
for Picasso stations; green for permanent stations. 
 
7.2 Data selection and processing 
 
We analyze waveforms from seismic events that were selected based on standard 
criteria: (1) teleseismic events with magnitudes higher than 5.5 (2) epicentral distances 
between 30º and 90º (Figure 7.2) to avoid wavefield complexities that likely arise from 
upper mantle discontinuities or diffraction at the core-mantle boundary, and (3) high 
signal-to-noise ratio (SNR) allowing identifying clear P arrivals.  
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Figure 7.2: Location of teleseismic events used in the study (red dots). Note the good azimuthal 
coverage. 
 
We have taken into account the already published results for the stations already 
investigated by Mancilla et al., (2010) that have shown evidences of structural 
complexity, which have been reanalyzed, considering additional data when available. 
All the Picasso and the 13 redeployed Topo-Iberia stations have been analyzed from 
scratch. The number of retained RF for each of the investigated stations ranges between 
50-60 RFs for the originally deployed Topo-Iberia sites and 7-26 RFs for the redeployed 
sites, which provide approximately 6 months of data. The PICASSO sites typically 
provide an intermediate number of retained RFs, ranging between 15 and 41. 
 
We have used H-κ analysis (Zhu and Kanamori, 2000, see Chapter 3.3) to infer an 
estimation of crustal depth (see Chapter 3.3). Figures 7.3, 7.4 and 7.5 present the H-κ 
analysis for some representative stations. The left panels show the variation of the 
estimator function in the H-K space, with reddish colors depicting the highest 
correlation values and hence the best solution (see Chapter 3.3 for further details). Right 
panels show the radial and transverse components of the RFs sorted by back azimuth 
and corrected by Ps-moveout. The upper panels show the summation of all the retained 
RFs after the application of the moveout correction. This correction aims at equalizing 
differences in ray parameters in the phase arrival times to allow for direct comparison of 
receiver functions for earthquakes from different distances. 
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This method is known to have limitations in the presence of a dipping conversor, a 
gradient-type boundary or in presence of sedimentary environments (e.g. Julià et al. 
2003; Lombardi et al. 2008). In those cases, the lack of clear multiples of the Ps results 
in several local maxima appearing in the grid search (e.g. PM19, Figure 7.4c) or in 
unrealistic Vp/Vs values (e.g. over 1.83 or less than 1.67). For the limited number of 
stations presenting this problem, we have estimated the crustal thickness by picking the 
arrival time of the Ps converted phase in the stacked RF and then converting the delay 
time to depth using an a-priori Vp/Vs ratio consistent with that derived for other stations 
in the same domain. Additionally a few number of stations have provided complex 
results including two close conversors. On those cases, the general rule has been to 
interpret the deeper conversor as the Moho, even if each case has been analyzed in 
detail. Table 1 summarizes the crustal depth inferred for each station. 
 
Figure 7.3 to 7.5 present some representative examples of the HK analysis. PM09 
is a good example of the HK results for stations located in the central part of the Rif 
domains, illustrating the thick crust observed under this region. Figure 7.3 (a) show a 
well-defined maximum located at a depth of 45 km and a Vp/Vs of 1.74. The individual 
and the stacked RFs show a clear conversor a 5.6 s, consistent with the inferred crustal 
thickness. As it will be discussed later, this thickened crust is consistent with the results 
derived from active seismic. PM15, still located in the Rif external domain but 90 km 
further SE, shows a slightly more problematic result (Figure 7.3b). It can be observed 
that the H-K estimator displays some local maxima, even if one of them is clearly 
stronger than the rest. The preferred result corresponds to a 48 km thick crust and a 
Vp/Vs value of 1.76 and corresponds with the peak observed at 5.9 s in the stacked RF. 
 
The progressive thinning of the crustal thickness to the east is illustrated in Figure 
7.4. Station PM36, located westwards of the Nekkor Fault, shows a well-defined peak at 
35 km depth. Station PM39, close to the Algerian border, shows also a clear maximum 
in the grid search, but the crustal thickness is of only 26 km. These results are consistent 
with those presented by Mancilla et al. (2012). 
 
PM19 (Figure 7.4c) provides an example of a more complex case, for which two 
prominent maxima at 25 km and 35 km depths can be identified. The observation of the 
individual and stacked RFs shows that the most consistent peak appears at 4.5 s, hence 
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corresponding to the second maximum in the HK analysis. This conversor is interpreted 
as the Moho, while the conversor at 25 km is interpreted to correspond to an intra-
crustal discontinuity. 
 
PM20 (Figure 7.4d) located in the southern part of the investigated area, not far 
from the Middle Atlas, shows again a clear result, with the Moho conversor located at 
30 km. This marks the southern termination of the thickened crust. 
 
Even if only few months of data are available, the Topo-Iberia stations redeployed 
over the Rif domain allow to infer some valuable results. As an example, Figure 7.5 
shows the analysis of two of these stations. M418, located close to the Nekkor Fault 
area, shows a clear maximum in the grid search, resulting in a crustal thickness of 30 
km. On the contrary, M416, located in the Rif Domain, shows a more complex image. 
The stacked RF shows two maxima at 4.25 and 6.4 s, corresponding to depths of 
approximately 34 and 54 km. In this case, the decision on which of them is related to 
the Moho is unclear. Finally, we have identified the Moho with the first conversor 
because it seems to be more consistent along the different backazimuths. 
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Figure 7.3: H-κ analysis for the stations located in the Flysch domain, near the internal Rif domain (a) and the external Rif domain (b). The thick back ellipse denotes the 
estimated uncertainty in the definition of the Moho. The right part of each panel shows the radial and transverse components, respectively, corrected for Ps-moveout and 
stacked into bins of 10º of back azimuth. The dashed lines correspond to the direct P arrival followed by the converted phase (Ps) and the multiples (PsPs+PpSs). On top of 
each panel are shown the radial and transverse stacked RFs. 
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Figure 7.4: H-κ analysis for the stations located eastward of Nekkor fault (a, b), the southernmost part of the Rif Doman (c) and in the Gharb Basin (d) 
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Figure 7.5: H-κ analysis for the stations located westward (a) and eastward of Nekkor fault (b). 
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Table 1: Summary of results obtained by H-κ analysis and Ps arrival time for each station 
STATION Hzhu Vp/Vszhu TPs HPs 
M002 37.9 1.69   
M005 42.0 1.75f   
M006 53 1.75f   
M007 42.5 1.70   
M008 20.0 1.62   
M012 41.2 1.79   
M013 55.0 1.75f   
M401 41.0 1.75f   
M402 46.0 1.80   
M403 - - 6.1 50.2 
M406 43.2 1.75   
M407 37.5 1.75f   
M408 26.0 1.75f   
M410 48.5 1.75f   
M411 28.5 1.73   
M413 38.0 1.75f   
M414 30.0 1.82   
M416 52.0 1.75f   
M417 - - 4.8 39.5 
M418 30.1 1.69   
PM02 38.5 1.75f   
PM03 43.4 1.72   
PM04 41.5 1.75f   
PM07 44.0 1.77   
PM09 45.5 1.74   
PM10 46.3 1.71   
PM11 34.0 1.82   
PM12 46.2 1.72   
PM13 - - 6.5 53.5 
PM14 54.0 1.75f   
PM15 48.0 1.76   
PM16 28.5 1.75f   
PM17 42.9 1.75   
PM18 - - 4.5 37.0 
PM19 35.0 1.75f   
PM20 30.4 1.72   
PM36 34.7 1.75   
PM37 25.7 1.75   
PM38 24.6 1.82   
PM39 25.7 1.72   
PM40 21.8 1.81   
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7.3  Crustal thickness map 
 
Once a value of crustal thickness and Vp/Vs has been assigned to each station, a grid 
can be interpolated using a similar approach to that for active seismic data (See Chapter 6). 
Figure 7.6 allows comparing the results derived from our contribution (left panel) and 
those published by Mancilla et al. (2012). Both images have been calculated using the 
same method but different stations and teleseismic events. Even if some local differences 
do appear, there is an overall similarity between them, confirming the robustness of the 
results. The more relevant of those differences is located south of Alhoceima, where 
Mancilla et al. (2012) gave a thickness of 26 km beneath station M007. After reprocessing 
data from this station, which provide complex RFs, we favor an alternative interpretation 
fixing the crustal depth at 42 km. The large difference between both interpretations is in 
fact linked to the peak interpreted as generated by a conversion in the Moho. Station 
PM36, located few kilometers north, give a crustal thickness of 35 km, arguing in favor of 
our reinterpretation. Nevertheless, this discrepancy is only relevant for the precise mapping 
of the eastward crustal thinning, but does not change the global image derived from those 
results. In a next step, both data sets have been merged together, thus providing a crustal 
thickness map of the region derived from passive seismic data (Figure 7.7a). This map is 
compared to the one derived in the previous chapter from active seismic (Figure 7.7b). 
Both maps are remarkably similar, taking into consideration that they come from 
completely independent data sets and methodologies. Finally, results from WA and RFs 
are gathered to obtain the final crustal thickness map of north Morocco (Figure 7.8). The 
main feature is the large crustal root observed beneath the central Rif Domain, which 
reaches, at least, 50 km. This root is in good agreement with the area presenting large 
negative Bouguer anomaly values (refer to Figure 6.1 in Chapter 6). Active seismic data 
seem to extend this root until the coastline in a limited region close to 5º W, nearby to the 
Beni-Boussera peridotites. RF results are not able to discern clearly this feature, but the 
newly deployed M410 station gives also a crustal depth of 48 km, consistent with the WA 
results. Different authors have proposed that the Alboran slab may still be attached to the 
lithosphere beneath this area (Pérouse et al., 2010; Bezada et al., 2013; Levander et al., 
2014; Palomeras et al., 2014; Thurner et al., 2014). The crustal root delineated by our 
results may be the result of this process, thus confirming the hypothesis (see Figure 7.8).  
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To complete the seismic exploration of the Rif Domain, at Figure 7.9 we overlaid our 
final crustal thickness map with the hipocentral distribution during the period 2000-2014, 
as reported in the IGN catalogue. An extended discussion on the seismicity pattern of this 
area is beyond the objectives of this work, but the main points are the presence of a well 
defined, N-S oriented, alignment of deep seismicity in the westernmost Alboran sea 
(approx. 4.6º W) and a large amount of superficial seismicity distributed around the 
Alhoceima region (4º W, 36º N approx.) and south of Nador (3º W, 36º N). To the West an 
arcuate alignment of seismicity, including both superficial and deep events can be defined 
from about 5.5º W, 34.5º N to 7º W, 35.5º N. The origin of this seismicity remains unclear, 
even if its location can now be resolved correctly, the installation of several permanent 
stations in Morocco. It is worthy to note that the zone with thickened crust corresponds to 
the area in between the seismically active regions. Few events have been located so far 
inside the region defined by the 40km depth isoline. The relationship between the crustal 
thickening, the seismic gap and the presence of an attached slab is still an open issue to be 
explored in the next future. 
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Figure 7.6: Moho depth contour map inferred from RF analysis beneath Northern Morocco, by the RFs (a) analyzed in this chapter (b) and the ones provided by Mancilla et 
al. (2012). Large variations, strong gradients, and a division into different domains are observed. Numbers show the sites for which a measurement is available. Color grid 
interpolated using a nearest-neighbor algorithm. 
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Figure 7.7: Moho depths inferred from wide-angle experiments (a) and RFs analysis (b) beneath Northern Morocco. Numbers show the points for which a measurement is 
available. Color grid interpolated using a classical nearest-neighbor algorithm. 
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Figure 7.8: Moho-depth map as inferred from the combined results from wide-angle and RFs data. Thick 
black line outlines the isoline of 40 km.  
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Figure 7.9: Moho-depth map overlaid by the seismicity with magnitude > 2 reported by the IGN catalogue in 
the period 2000-2014. White dots are for events with hypocenters above 40 km depth, black dots denote 
deeper events. 
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Chapter 8: Conclusions 
 
 
The Rif Cordillera, situated in northern Morocco, together with the Betic Range, 
forms the Gibraltar Arc around the Alboran Sea. This asymmetric curved mountain belt 
originated during a Miocene continental-continental collision as a result of the westward 
motion of the Alboran domain between northwest Africa and Iberia. The complexity of 
this area led to several tectonic models. Previous geophysical studies reported a crustal 
thickness of 30-40 km beneath the Rif (Hatzefeld and Bensari, 1997; Wigger et al., 
1992). Models that integrate both elevation and geoid gravity models anomalies 
assuming local isostasy suggest a poorly marked orogenic root below the Central Rif 
Cordillera that does not exceed 30 km depth (Fullea et al., 2010). However, recent 
Receiver Functions (RFs) studies (Mancilla et al. 2012; Thurner et al., 2014) reveal 
large variations of the crustal thickness under northern Morocco (between 22 km and 44 
km). One of the main problems which have motivated to undertake this thesis is the 
scarce information of the crustal structure of the Rif Cordillera. The reflection/wide-
angle seismic profiles carried out in the Rif Cordillera and presented here have provided 
high-quality data to resolve this question, and the analysis and interpretation of these 
data are essential contributions of this thesis. In addition, efforts have been made to 
compare and integrate the results with those deduced from other seismic methodologies 
for which data were also available. This analysis was likewise considered of interest to 
complete the scientific training. Therefore, one chapter has been devoted to the study of 
seismic velocity and anisotropy, covering the entire Euro-Mediterranean region from Pn 
(and Sn) phases of regional earthquakes, and another two chapters compares the results 
of crustal depths with those obtained from low-fold wide-angle data, coming from the 
RIFSIS and WestMed projects, as well as Receiver Functions data, obtained from Topo-
Iberia and PICASSO projects.  
 
Thus, in this thesis we have considered and implemented various geophysical 
methodologies, such as seismic refraction and wide-angle reflection profiling, low-fold 
wide-angle seismic stack techniques, RFs and seismic tomography. The latter technique 
has been used to study Pn velocity and anisotropy of the Euro-Mediterranean region. 
The other three techniques have been used to study the crust beneath Northern Morocco. 
In the seismic refraction and wide-angle reflection case, the final velocity-depth models 
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have also been verified with the corresponding model densities (obtained from the 
classical relation Vp-ρ established by Christensen and Mooney, 1995), corroborating 
that they fit reasonably well with the Bouguer gravity anomalies. 
 
The study of uppermost mantle seismic velocity and anisotropy tomography is based 
on the method developed by Hearn (1996), which determined temperature anomalies, 
pressure, compositional change and/or the presence of water in the crust-mantle 
boundary. This methodology has been applied to the entire Euro-Mediterranean region, 
by using Pn and Sn data. The results of the Pn tomography are quite consistent with 
previous 3-D tomographic images (Piromallo et al., 1997; Garcilla-Castellanos and 
Villaseñor, 2011) and show significant features well correlated with the geological 
structures. Low-velocity anomalies (<7.8 km/s) are focused under orogenic areas 
(Betics, Pyrenees, Alps, Apennines and Calabrian Arc, Dinarides-Hellenides), while the 
high-velocities (>8.3 km/s) are evidenced under tectonic stable areas. Large low-
velocity zones are identified beneath Sardinia and the Balearic Islands, probably 
reflecting the presence of asthenospheric material at shallow levels. Pn anisotropy 
shows consistent FPD (fast polarization direction) orientations subparallel to major 
orogenic structures, such as Betics, Apennines, Calabrian Arc and Alps in agreement 
with the anisotropic parameters retrieved from teleseismic shear-waves splitting. This 
similarity suggests that the anisotropy lies within the subcrustal lithosphere beneath the 
orogens. On the contrary, at some regions (south-east Alps, southern Gibraltar Arc) the 
anisotropy results inferred from the two methods (the Pn anisotropy and the analysis of 
SKS splitting) clearly differ, suggesting that at least two anisotropy zones with different 
origin may exist. The Sn tomographic image has lower resolution but allows confirming 
independently most of the features evidenced in the Pn tomography. The overall 
velocity variations are similar to the Pn image, but the inspection of the Vp/Vs 
variations allow to associate the tectonically stable areas with increased Vp/Vs values 
and the most active ones with lower Vp/Vs rations. The results and discussions 
presented in Chapter 4 have been published in the paper entitled “Uppermost mantle 
seismic velocity and anisotropy in the Euro-Mediterranean from Pn and Sn 
tomography” (Díaz, J., A. Gil and J. Gallart, Geophysical Journal International, 192, pp. 
310-325, 2013)”. 
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In the Wide-Angle seismic chapter, we have worked with the two new seismic 
profiles acquired in the Rif Cordillera; the first one was orientated NS (70 km within the 
Iberian Peninsula and 330 km from Tetouan to the Middle Atlas) and the second profile 
was orientated EW (330 km from the Gharb Basin to Algerian border). Up to five shots 
of 1 Tn each have been detonated at selected sites in North Morocco and recorded by 
about 800 vertical-component seismic stations. Average station spacing was about 750 
m along the profiles. The models were obtained from RAYINVR forward modeling 
program. The interpreted crustal structure differentiates two sedimentary layers on top 
of the basement (inferred from the observed first arrivals at short offsets), followed by 
upper, middle and lower crustal levels constrained by reflected phases visible in the 
record sections. The bottom of the crust is well defined from PmP phases, although the 
absence of Pn arrivals prevents to constrain upper mantle velocities. Average velocity 
values for the different layers in the models are, respectively: 3.5 and 4.7 km/s for the 
sediments, 5.9, 6.3 and 6.8 km/s within the crust, and 8 km/s below the Moho. These 
velocity-depth models obtained at the Rif Cordillera hold major variations in crustal 
thickness, especially along the EW profile, that shows a rapid change of 20 km in Moho 
depths within 40 km horizontal distances. Maximum depth around 50 km are found 
below the external Rif domain, while thinnest values of about 28 km are located 
eastwards of Nekkor fault zone, in the foreland and Atlasic terranes up to the Algerian 
border. The model along NS profile displays also marked differences in crustal 
thicknesses, ranging from 40 km beneath the Betics and internal Rif sampled domains, 
to 48 km beneath external Rif, as well as a progressive thinning southwards to Middle 
Atlas domain where the Moho is found at 30 km depth. Such strong lateral variations in 
crustal structure and particularly the importance of the crustal root beneath the external 
Rif area, are rather unexpected results according to surface topography. These velocity-
depth models have been converted to density in order to compare the theoretical and 
observed results for Bouguer gravity anomalies in the region. The density models 
obtained are found to be quite consistent with the observed gravity anomalies. The 
results and discussion presented in the Chapter 5 have been published in the paper 
entitled “Crustal structure beneath the Rif Cordillera, North Morocco, from the RIFSIS 
wide-angle reflected seismic experiment” (Gil, A., J. Gallart, J. Díaz, R. Carbonell, M. 
Torne, A. Levander and M. Harnafi, Geochemistry, Geophysics, Geosystem, 15, 2014, 
in press). 
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As a next step, we processed the wide-angle data as low-fold seismic stacks. We 
decided to undertake this analysis because the deployment logistics during the RIFSIS 
project permitted that all the stations recorded all the shots, not only those aligned with 
each profile, but also the offline shots. A hyperbolic time reduction was applied to the 
data, resulting in stacks in which the reflection from the Moho appears as subhorizontal 
energy arrivals. This provides also insights into the Moho depth variations offline the 
main seismic profiles. We also estimated the Moho geometry from the PmP phases 
identified in the stations deployed inland to record marine GASSIS experiment, from 
the recordings of both their air-gun shots and the five RIFSIS land shots. Considering 
all these PmP records and the locating the origin of the reflections at the midpoint of the 
corresponding ray-tracing, a 3-D was obtained in the northern Morocco region. Those 
arrival times are tentatively related to crustal thickness assuming a homogeneous crustal 
velocity. Even if those assumptions imply that large errors can arise in case of marked 
heterogeneities, we showed that the method could provide significant additional results 
in this region. At the same time, we analyzed RFs in the Rif domain area, to determine 
the crustal thickness beneath northern Morocco from passive seismics. We reprocessed 
data from both the Topo-Iberia and PICASSO experiments (see references in Chapter 7) 
and installed some additional stations to densify the data in the more complex region of 
interest. From the technique of H-κ stack, we calculated the Moho discontinuity beneath 
each seismic station and the Poisson ratio (via velocity ratio Vp/Vs). These studies 
support the results of crustal thickness obtained from the active seismic profiles. In 
some stations it was possible to observe more than one conversor related to the Moho 
discontinuity, which we associated with the internal complex architecture of an area that 
underwent multiple tectonic processes. These Moho-mapping results from the low-fold 
stacks and the RFs studies are currently in preparation for submission to a scientific 
journal. 
 
A major achievement of this study is that a large crustal root is well documented in 
the central part of the Rif Cordillera, in good agreement with the area presenting large 
negative Bouguer anomaly values. Different authors have proposed that the Alboran 
slab may be attached to the lithosphere beneath this area (Vergés and Fernàndez, 2012). 
Other authors suggest that the crustal root beneath the external Rif domain is related to 
the Alboran slab (Pérouse et al., 2010; Bezada et al., 2013; Palomeras et al., 2014). The 
identified crustal root seems to support this hypothesis. However, both active and 
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passive data suggest that a crustal root extends to the coastline in a limited region close 
to 5º W, around the Beni-Boussera peridotites. From the Moho-depth maps presented, 
the regions with crustal thicknesses of 40 km defines an area with a small amount of 
seismicity, between the arcuate seismicity beneath western Alboran Sea and the more 
superficial seismicity in the Alhoceima area.  
 
We interpreted the Rif Cordillera crustal structure as resulting from a complex 
interaction of the Miocene to present continent-continent collision between Iberia and 
Africa plates, coupled with rollback of the Neo-Thethys Alboran slab, which is 
agreement with the final 3-D numerical modeling of the western Mediterranean region, 
presented by Chertova et al. (2014) and van Hinsbergen et al. (2014). It is clear that 
even after several detailed studies, the debate on the tectonic evolution of the Gibraltar 
Arc System will be still ongoing. But we expect that the results presented in this thesis 
should deserve useful constraints for future geodynamic modeling on its evolution. 
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